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Résumé
Les objectifs principaux de cette thèse étaient de mieux comprendre le
développement anormal et normal du traitement musical dans le cerveau.
Pour ce faire, nous avons effectué quatre études sur les corrélats
comportementaux et cérébraux de l’amusie congénitale, une trouble
spécifique lié à la musique qui empêche des individus normaux, d’aquérir des
compétences musicales fondamentales. Les données de la littérature
indiquent que l’amusie congénitale serait liée à un problème perceptif de bas
niveau concernant la discrimination des hauteurs. Dans la première étude,
notre objectif était de mieux détailler ce trouble et d’évaluer sa spécificité en
comparant un groupe de sujets amusiques adultes à des sujets contrôles
n’ayant pas de troubles musicaux. Pour ce faire, les sujets écoutaient des
séquences de cinq tons tous de même hauteur dans un rythme régulier, sauf
pour le quatrième ton qui était modifié soit en terme de hauteur, soit en terme
de rythme. Les sujets avaient pour tâche de détecter un éventuel
changement. Comme prévu, tous les sujets amusiques ont eu des difficultés
à discriminer les changements de hauteurs, mais pas les changements
temporels. Ces résultats confirment que les amusiques ont un trouble sévère
et spécifique de la discrimination fine hauteurs. Ce trouble pourrait
s’expliquer par une anomalie cérébrale. Afin de vérifier cela, une deuxième
étude en imagerie par résonance magnétique (lRMf) a été conduite chez des
sujets universitaires sans troubles musicaux, pour identifier les mécanismes
cérébraux impliqués dans la perception de hauteurs. En accord avec de
précédents résultats, le cortex auditif droit décode plus finement les
changements de hauteur que le gauche. Dans une troisième étude en IRMf,
un paradigme similaire a été utilisé afin d’explorer les structures cérébrales
impliquées dans la discrimination des hauteurs et temporelle, chez des sujets
amusiques et des contrôles appariés, sans problèmes musicaux. A
l’encontre de nos prédictions, les sujets amusiques présentaient une
cérébrale semblable aux sujets contrôles pour les changements de hauteur,
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mais pas pour les changements temporels. Ces résultats suggèrent que les
amusiques auraient un déficit de discrimination des changements fins de
hauteurs quand ces changements interviennent rapidement. Cette idée est
confirmée par les résultats d’une étude comportementale menée chez ces
mêmes sujets. Un trouble complexe touchant la perception des intervalles, la
direction des hauteurs, et la résolution temporelle contribuerait aux problèmes
musicaux des sujets amusiques. Dans la dernière étude de cette thèse, la
technique de ‘voxel-based morphometry’ a été utilisée afin de vérifier
l’existence de différences corticales anatomiques entre les sujets amusiques
et des sujets contrôles. Les résultats ont démontré une réduction de la
quantité de matière blanche dans le gyrus frontal inférieur droit chez les
sujets amusiques qui était liée à des déficits de discrimination des hauteurs.
Ces données suggèrent que les connections corticales frontales seraient
fondamentales pour l’acquisition normale de la musique. Les résultats de
cette thèse aident à mieux cerner cette pathologie, et à mieux comprendre les
fonctions cérébrales normales et pathologiques. Et notamment, ces résultats
montrent quelles sont les régions neuronales essentielles pour un
développement musical normal.
Mots clés: amusie congénitale, ‘tone-deafness’, discrimination des hauteurs
et discrimination temporelle, les corrélats comportementaux et neuronaux, le
cortex auditif, IRMf, ‘voxel-based morphometry’
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c Abstract
The main objectives of this thesis were to better understand abnormai and
normal musical brain development, and to shed light on the brain
specialization for music. To these aims, we conducted four studies in which
we investigated the behavioral and neural correlates of congenital amusia, a
lifelong disability that prevents otherwise normal functioning individuals f rom
developing basic musical skills. Previous evidence has indicated that
congenital amusia may be due to a problem in fine-grained pitch
discrimination. In the first study, we sought to better detail this pitch deticit
and to evaluate its specificity in a group of amusic aduits and musically-intact
controls. Subjects were presented with monotonic and isochronous
sequences of five tones and were required to detect when the fourth tone was
displaced in pitch or time. As expected, ail amusic participants were impaired
in detecting the pitch changes, but pertormed as controls in detecting the time
changes. The resuits confirm that amusics have a severe and specific deficit
in fine-grained pitch discrimination. Moreover, the data point to the presence
of a congenital neural anomaly that selectively impairs pitch processing. In
order to verify this idea, in study 2, we performed a functional magnetic
resonance imaging (fMRl) study to investigate pitch pattern perception in a
group of University students with no musical problems. Consistent with
previous findings, the right auditory cortex more finely tuned to pitch changes
that the left. In study 3, we used tMRI in a similar paradigm to investigate
pitch and time discrimination in a group of congenital amusic aduits and
musically-intact controls. Contrary to expectation, amusics exhibited a similar
pattern of activation as controls in processing the pitch sequences, and a
deviant pattern of activation in processing the same sequences when they
were presented at various temporal rates. These imaging results suggested
that amusics have problems to capture fine pitch changes when they are
presented rapidly. This idea was confirmed in a subsequent behavioral study.
c We interpreted these results as amusics having a complex deficit,
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pitch distance, pitch direction, and temporal resolution that may contribute to
the musical impairments observed in congenital amusia. In the final study of
this thesis, we employed voxel-based morphometry (VBM) to detect brain
anatomical differences in amusic individuals relative to musically-intact
controls, in two independent samples ot subjects. The results were
consistent across samples in highlighting a reduction in white matter
concentration in the right inferior frontal gyrus of amusic individuals. This
anatomical anomaly was related to pitch-based musical tasks. Thus, the data
point to the integrity of white-matter tracts in right frontal brain areas as being
key in acquiring normal musical competence. The findings from this thesis
serve to further document this disorder, and to better understand both
abnormal and normal brain function in terms of which neural regions are
essential to normal musical development.
Keywords: congenital amusia, tone-deafness, pitch and time processing,
behavioral and neural correlates, auditory cortex, fMRl, voxel-based
mo rph omet ry
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GENERAL INTRODUCTION
o
2Music is everywhere. Throughout human history, and across ail cultures,
humans have produced and enjoyed music (Merriam, 1964). Music is
thought to date back 40 000 and 80 000 years, as suggested by the recent
discovery cf an ancient bone flute (Turk et al., 1996). Today, music
constitutes a multi-billion dollar industry world-wide. Thus, music is
undeniably ingrained in human culture. Over the past few decades there has
been an explosion of research on music and the brain (see Peretz and
Zatorre, 2005 for a recent review). This research interest has been motivated
by the fact that music offers a unique opportunity to better understand the
organization cf the human brain. Given that music spans many processing
modalities such as the auditory, visual and motor modes, it provides a key
means cf studying perception, memory, attention, emotion and performance.
Moreover, exploring the neural substrates of music helps to shed light on the
origin and biological value of music.
While some have argued that music may simply be a recent invention (Pinker,
1997), the universal and ancient quality cf music provides a strong counter
daim to this view. lndeed, there is increasing evidence that music has
biological foundations (Wallin et al., 2000; Zatorre & Peretz, 2001). This idea
is supported by findings from infant studies that the intact human brain seems
to be predisposed to music. For example, infants before one year of age
have shown exceptional musical abilities that are similar to those of adults
(see Trehub, 2001 for a review). Moreover, there is increasing evidence that
humans are born with core musical knowledge bases, and that these may be
subserved by music-specific neural networks (see Peretz and Hyde, 2003 for
a review).
However, about tour percent of the general population seem to born without
these musical predispositions (Kaimus and Fry, 1980; Drayna, personal
communication, cited in Peretz and Hyde, 2003). Such individuals are
C commonly called tone-deaf’, and show specific and severe life-long
3impairments in both the perception and production of music, despite an
otherwise normal functioning. While this condition has been entertained for
more than one century (Grant-Allen, 1897; Geschwind, 1984), our laboratory
was the f irst to per[orm an in depth empirical investigation into this musical
disorder, which we refer to as congenital amusia (Peretz, 2001; Ayotte et al.,
2002). Behavioral evidence from our laboratory has shown that the disorder
is specific to music, and largely due to a deficit in pitch processing, while time
processing seems to be less affected (Ayotte et al., 2002; Peretz et al., 2003).
Given that this disorder is music-specific, it provides a unique means to
investigate the organization of the human brain in general and the neural
bases of musical processing in particular. In the present thesis, our main
objective was to enrich our current understanding of both abnormal and
normal musical brain development. To this aim, here, for the f irst time, we
investigated the functional and structural neural correlates of congenital
amusia. Given that previous evidence has shown that it is largely a pitch
based disorder, we first sought to furiher investigate the severity and
speciticity of the pitch deficit in amusics at a behavioral level. We then
searched for a congenital neural anomaly that we hypothesized to be at the
root of this pitch deficit. By examining which neural structures may be
compromised in congenital amusia, we can better understand which neural
regions are important in acquiring normal musical competence.
We also sought to shed light on the biological foundations of music. One way
to do this is to show that the musical system is autonomous from other
cognitive functions (such as language for example). If music is indeed a true
biological function, and not merely the by-product of another brain function,
we expect it to be independent f rom other cognitive functions. Thus, the
existence of a congenital music-specific disorder inherently provides support
for this idea. However, it is important to note that music involves different
c processing components, only some of which appear to be music specific
4Peretz and Zatorre, 2005 for a review). Given that congenital amusia
uniquely impairs music processing, the study ot this disorder may help to
determine which processing components are exclusive to music and which
are not. Thus, the study of its neural correlates may inform us on the brain
specialization for music processing.
Evidence that the human brain is predisposed for music
As mentioned above, the notion that music has biological foundations is
supported by recent evidence suggesting that the intact human brain is
predisposed to music. lndeed, very young infants, before one year of age,
exhibit similar musical abilities to those of aduits, even before they have
acquired language abilities. For example, six-month-old infants are sensitive
to dissonance and musical scale structure (Schellenberg and Trehub, 1996;
Trehub et al., 1999). Just as aduits, infants seem to prefer consonant
intervals to dissonant ones, and show learning preferences for musical scales
with unequal steps (Schellenberg and Trehub, 1996; Trehub et al., 1999). In
the time domain, as adults, four-month-old infants prefer music that has an
isochronous temporal pulse, and they are sensitive to slight disruptions in
temporal regularity (Drake, 1998).
These infant studies point to the existence of core musical knowledge bases
that underlie the development of musical competence. The encoding 0f pitch
along musical scales and the ascribing of a regular pulse to incoming events
constitute core musical processing components. These aspects create
expectancies and are integral to the hierarchical organization of music
(Tillman et al., 2000; Large and Jones, 1999). Moreover, both are likely
specialized for music processing. In particular, pitch (tonal) knowledge
appears to be unique to music (Jackendoff, 1987). In contrast to speech, in
music, pitch variations form a determinate scale (Balzano, 1982). The use of
scales is universal and these are formed f rom a pattern of 5 to 7 focal,
C unequal-spaced pitches. These pitches are organized around a central tone,
5called the tonic (Burns, 1999; Dowling, 1982). In tonal music, there is a
hierarchy of importance among the tones, where the non-scale tones are the
Ieast related to the musical context and thus often sound anomalous. This
tonal knowledge appears to be implicit and thus anyone can detect a wrong
note, for example. However, in the case of brain damage, this implicit ability
may be compromised or lost.
lndeed, in cases of acquired amusia, which occur consequent to a brain
lesion, tonal knowledge may be exclusively disturbed, while pitch
discrimination is spared (Peretz, 1993). Such patients can no longer hear the
difference between tonal and atonal music, and cannot detect a wrong note in
a tonal melodic context. The reverse case aIse exists, where brain damage
results in impaired pitch perception, but spares tonal knowledge (Trame et al.,
1990). These cases suggest that there exists a separable neural network that
underlies tonal pitch encoding, that can be selectively impaired or spared by
brain damage. Recent evidence from functional neuroimaging points to
inferior frontal brain areas as being critically involved in tonal pitch processing
(Zatorre et aI, 1994; Koelsch et aI, 2002; Tillmann et aI, 2003).
In addition to the processing of tonal pitch, music memories (Peretz, 1996),
and singing (Jeffries et al., 1993; Zatorre and Peretz, 2001) appear to be
subserved by music—specific neural substrates. However, the best
documented of these are the neural networks cf musical recognition. Several
cases have been described of brain-damaged patients who are unable te
recognize once very familiar melodies, but have no problem te recognize
speech and environmental sounds (see Peretz and Hyde, 2003 for a review).
The reverse case has also been documented where patients are unable te
recognize spoken words, but are still able to recognize music (Godefroy et al.,
1991; Mendez, 2001).
C
6Taken together, the evidence trom the study of patients with acquired amusia
that show either a selective impairment or sparing of music processing, points
to the existence of two distinct processing modules: one for music and one for
speech (Peretz and Coltheart, 2003). Thus, the existence of these patients
that have an exclusive musical impairment consequent to brain damage,
supports the idea that there exists music-specific neural networks. As
mentioned above, one goal of the present thesis is to gain insight into the
brain specialization of music by studying the neural correlates of
neurologically intact individuals with music-specific impairments, which we
refer to as congenital amusia.
Background of congenital amusïa
Congenital amusia is a litelong disability that prevents otherwise normal
functioning individuals f rom developing basic musical skills (Peretz, 2001;
Ayotte et al., 2002). This condition cannot be explained by any acquired brain
lesion, hearing problem, cognitive or socio-affective deficit, or Iack of musical
exposure. This disorder has been variously called tone-deafness, and
dysmusia, however, the term congenital amusia better reflects the possibility
that there exist as many forms ot congenital amusias as they are forms of
acquired amusias (Peretz et aI, 2002).
The early research on congenital amusia consists of anecdotal case
descriptions (Grant-Allen, 1897; Geschwind, 1984). Several epidemiological
studies attempted to quantify congenital amusia and to assess its prevalence
in the general population (Fry, 1948; Kalmus and Fry, 1980; Drayna, personal
communication, cited in Peretz and Hyde, 2003). In these studies, the
authors tested a large subset of the general population in the ability to detect
a wrong note in popular melodies. The results suggested that about four
percent of the general population are amusic. However, these studies suffer
trom a Iack of validity since they considered only one aspect of musical
7processing. Nonetheless, these findings converge to show that atflicted
individuals have problems in the processing of pitch information.
In an attempt to improve upon these studies, our laboratory recently
performed an empirical, in depth investigation to document the presence and
nature of congenital amusia fAyotte et al., 2002). To this aim, we tested a
group of eleven congenital amusic adults in a variety of musical and non-
musical tests. Despite having above average intellectual, memory and
language skills, and normal audiometry, the amusic participants had
performance deficits on a standardized battery of musical tests (Peretz et al.,
2003). Amusics showed problems in musical recognition, and memory. The
deticits were limited to the musical domain, since amusics had no problem to
process and recognize speech, including speech prosody, common
environmental sounds and human voices.
Most notably, amusics showed problems in musical pitch perception, while
time perception was Iess attected fAyotte et al., 2002; Peretz et aI, 2003).
Their pitch-based deficit was most notable when amusics were required to
detect “a wrong note” fout-of-scale note) in a conventional melody fAyotte et
al., 2002). Thus, it seems that amusics do flot have the tonal knowledge
necessary to map pitches onto musical scales. Given that there was no
overlap between the distributions of the amusics’ and controls’ scores, this
test was considered to be diagnostic. This point is especially interesting,
since a recent twin study has shown that the ability to detect a wrong note in
a popular melody may be heritable (Drayna et al., 2001). Thus, amusics
appear to lack a key pitch processing component that is specitic to music, and
which appears to be genetically transmittable. Such a musical pitch
processing deficit is thought to lend to the myriad of musical impairments
seen in congenital amusia. However, this deficit may originate f rom a more
basic problem in tine-grained pitch discrimination.
C
$Congenital amusia: a fine-grained pitch-based dïsorder
This possibility was motivated by recent findings of a severe deficit in fine
grained pitch discrimination in one particular amusic individual that has been
tested extensively in our Iaboratory (Peretz et al., 2002). As mentioned
above, one goal cf the present thesis was to investigate the severity and
specificity cf this acoustic pitch deficit in a group cf congenital amusic adults.
At the time of publication ot our study (study 1 of this thesis; Hyde and Peretz,
2004), another group working on the same topic, published work showing
that, indeed, a group cf congenital amusic aduits had a fine-grained pitch
deticit (Foxton et al., 2004). It is plausible that such an acoustic deficit may
be at the root cf congenital amusia. For example, the correct internalization
cf musical scales depends on fine-grained pitch perception since scales use
small pitch intervals of 1 or 2 semitones (corresponding to 1 or 2 adjacent
keys on a keyboard). Western melodies (Vos and Troost, 1989) and other
world music (Dowling and Harwood, 1986) are constructed with such small
pitch distances. Thus, the inability to detect small pitch changes may lend to
problems in musical pitch processing. One important implication cf this idea
is that tine-grained pitch perception may be essential for the normal
development cf musical abilities. Since amusics are likely born with such an
acoustic pitch deficit, they would neyer have acquired the implicit tonal
kncwledge required for normal musical competence.
While pitch is clearly essential to the musical domain, it also plays an
important role in speech communication. For example, in tonal languages
such as Mandarin, Thai and Vietnamese, pitch is used to alter the meaning cf
wcrds. In non-tonal languages, a final rising pitch is key to signal a question.
However, congenital amusics have no problem to distinguish these variations
in pitch intonation (Ayotte et al., 2002). This is due to the tact that language
employs much coarser pitch variations than does music (Fitzsimons et al.,
2001). Thus, a problem in basic pitch discrimination may solely compromise
C the musical domain and flot language, flot because it is music-specific, but
9due to the tact that music utilizes more fine-grained pitch changes. From this
perspective, congenital amusia may be due to an acoustic pitch deticit that is
not music-specific, but merely music-relevant. As mentioned above, one
major goal of the present thesis was to investigate the neural correlates of
such a pitch deficit in congenital amusia. In order to evaluate the specificity of
the pitch deficit at a neu rai level, we also considered temporal processing.
Neural correlates of congenital amusia
Neural basis of pitch and time discrimination
Given the evidence that amusics have a pitch deficit, it is plausible to expect
that amusics have a congenital brain anomaly that selectively impairs
sequential pitch processing. Other than the work reported in the present
thesis, there has been only one study from our laboratory to investigate the
functional neural correlates ot congenital amusia (Peretz et al., 2005). In this
study, an event-related potential (ERP) method was used to narrow down the
locus ot a possible neural anomaly in amusics. Subjects were required to
detect a rare deviant tone in a sequence of repetitive standard tones while
their ERPs were recorded. Amusics showed no brain response to pitch
deviances smaller than one semitone, whereas controls did so consistently.
In contrast, amusics showed an enlarged brain response to large pitch
changes ot 2 and 3 semitones, with an N2 (that was not present in controls)
and a P3 almost twice as large as that observed in controls. These abnormal
brain responses were inferred to be neural markers ot the amusics’ fine
grained pitch processing deficit. Given the limited spatial resolution of the
ERP approach, it was not possible to Iocalize the exact brain areas ot these
abnormal responses. However, the electrical activity ot the auditory cortex of
amusic individuals appeared to be intact as indexed by a normal Ni response
(Peretz et al., 2005).
This finding was somewhat surprising. Given that congenitai amusia is
largely a pitch-based disorder, we expected to tind a neural anomaly in the
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right auditory cortex, a region known to be implicated in musical pitch
processing. For example, studies of brain-lesioned patients have shown that
the right auditory cortex is critical in the perception of missing fundamental
pitch (Zatorre, 1988), in discriminating melodic (pitch) contours (Peretz,
1990), in perceiving the direction of pitch change (Johnsrude et aI., 2000),
and in using melodic contextual cues in pitch judgments (Warrier and Zatorre,
2004). Consistent support cornes from neuroirnaging studies showing a
preferential role of the right auditory regions in the processing of melodies
(Zatorre et aI., 1994; Patterson et al., 2002), in the maintenance of pitch while
singing (Perry et al., 1999), imagery for tunes (Halpern and Zatorre, 1999),
and in the detection of deviant chords (Tervanierni et al., 2000). It is possible
that a pitch-based neural anomaly does exist in the right auditory cortex of
amusics, but that it is merely too subtie to be detected with the ERP
technique, In the present thesis, we used functional magnetic resonance
imaging (fMRI) as a more sensitive means to uncover a possible neural
anornaly in the auditory cortex of the amusic brain, since tMRI has a greater
spatial resolution relative to the ERP method.
In order to localize a possible neural anomaly in the auditory cortex of arnusic
individuals it is important to describe the structural and functional organization
of the auditory cortex. Microelectrode and tracer studies in the auditory
cortex of nonhuman primates serve as an excellent model for understanding
the neuroanatomy of the human auditory cortex. The macaque auditory
cortex is composed of a central core, a surrounding belt, and a lateral
parabelt (Hackeif et aI., 1998), and this cortical system s connected
hierarchically (Kaas and Hackeif, 2000). A recent comparative study of the
auditory cortex in macaques and humans (Hackett et al., 2001) suggests that
the human auditory cortex also consists of a core or primary auditory region
(Iocalized in the medial portion of Heschl’s gyrus) that is surrounded by belt
and parabelt regions corresponding to secondary auditory cortices, and that
Q these structures are connected in a hierarchical fashion. Recent fMRI
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evidence has shown that there is a hierarchy of pitch processing in humans
C with the activation moving anterolateraily as processing proceeds (Pafferson
et ai, 2002). Pitch extraction is thought to be compieted in primary auditory
cortex; whereas higher-levei processes like pitch tracking and melody
extraction are thought to be performed in more distributed regions beyond
primary auditory cortex, and the processing becomes asymmetric with more
activity in the right hemisphere (see Zatorre et aI., 2002 for a review). On the
basis of the behavioral evidence showing that amusics have a deticit in pitch
discrimination (Hyde and Peretz, 2004; Foxton et aI., 2004), we hypothesized
that amusics may have a pitch-based neural anomaly in the right primary
auditory cortex.
Given that congenital amusia has been found to primarily be a pitch-based
deficit, most of the research into congenital amusia to date has been
concentrated on pitch processing. Consequently, there has been less focus
on the temporal aspects of this condition. To our knowiedge, no study has
systematicaliy investigated how amusic individuals process temporally
changing pitch information. To understand how the amusic brain processes
temporal pitch changes, it is first important to review which brain structures
are known to be implicated in these processes. Collective evidence shows
that Ieft auditory regions seem to be preferentially involved in fine temporal
resolution. For example, findings from studies of brain-lesion patients
(Phiilips & Farmer 1990; Tallai et ai, 1993; Ehrlé et aI., 2001) single-unit
eiectrode recordings (Liégeois-Chauvel et aI., 1999), auditory steady-state
electrophysiological data (Yamasaki et aI., 2005) and neuroimaging data
(Belin et aI., 1998; Zatorre and Belin, 2001; Schônwiesner et ai., 2005), have
shown that ieft auditory cortical regions piay a critical role in rapid temporal
processing. Thus, in the normal brain, the right auditory cortex appears to
play a preferentiai roie in fine-grained pitch perception and the ieft, in fine
temporal discrimination. Zatorre and coiieagues have recentiy proposed that
C the auditory system has deveioped this relative hemispheric asymmetry so as
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to optimally process incoming simultaneous spectral and temporal acoustic
information from the environment (Zatorre et aI, 2002). In the present thesis,
we sought to determine whether the amusic brain shows this typical
hem ispheric asymmetry in the processing of pitch and time information.
Structural fleura! correlates
In addition to the functional neural underpinnings of congenital amusia, we
also sought to investigate the neuroanatomical correlates of this condition. In
a previous case study of a severely impaired amusic individual (Monica), we
did not find any structural neural anomalies by visual inspection of her MRI
brain image (Peretz et aI., 2002). However, the brain anomaly in amusics
may be very subtle, and thus would explain why we were previously unable to
detect an anomaly in the case of Monica by mere visual inspection. The
notion that we may expect to find a structural neural anomaly in the
congenital amusic brain is motivated by findings of structural brain differences
in a variety of other developmental disorders. For example, individuals
affected by a severe speech and language disorder were recently found to
have reduced grey matter in speech and motor-related regions (Watkins et
aI., 2002). In another study, developmentally dyslexic adults were shown to
have a structural grey matter deficit involving a complex fronto-temporal
network thought to be implicated in phonological processing (Vinckenbosch et
aI., 2005). StilI another study revealed that autistic chiidren had significant
decreases of grey matter concentration in the superior temporal sulcus
bilaterally, a region implicated in social perceptual skills that are
characteristically impaired in autism (Boddaert et al., 2004). In the above
three studies, a computerized brain morphometric analysis technique known
as voxel-based-morphometry (VBM) was used to compare brain tissue
concentrations between groups (Ashburner et aI., 2000). VBM is a method of
choice since it allows an exploratory search throughout the brain for
relationships between a behavioral measure and brain morphology. VBM is
cE an automated technique and thus eliminates the rater-bias in the manual
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identification of anatomic boundaries. In addition, with VBM, it is possible to
examine white maffer morphology, which is otherwise difficuit due to the Iack
of clear boundaries between adjacent white matter subregions. For these
reasons, in the present thesis, we chose to use VBM to search for structural
brain differences between amusics and musically-intact controls.
The combination of behavioral, functional and structural investigations into the
neural correlates ot congenital amusia provides a powerful means to beffer
understand abnormal and normal musical brain development. Moreover, this
approach helps to shed light on the biological origins of music and the brain
specialization for music.
Research hypotheses
To these aims, in the present thesis, we put forth three main hypotheses.
First, on the basis of a single case, Monica, we hypothesized that congenital
amusia may be due to a basic deficit in pitch discrimination. We expected
this pitch deticit to be severe and specific to the pitch domain. Accordingly,
we predicted that amusics would have problems to detect pitch changes in an
otherwise monotonic tone sequence, but retain the ability to detect temporal
changes in the same sequence.
Next, we hypothesized that amusic individuals would show a deviant paffern
of brain activity relative 10 musically-intact controls in the processing of pitch
patterns. We expected to find differences in brain activation between these
two groups specifically in the right auditory cortex, since this area is known to
play a key role in pitch processing. In contrast, we did not expect to find any
differences in brain activation between amusics and controls in terms of
temporal processing of the same pitch patterns.
C .
..Finally, we expected to find structural brain differences between amusic
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individuais and musically-intact controis. In particular, we expected to find a
C structurai neural anomaiy in the right audito cortex of amusic individuals,
given the role of this structure in pitch processing.
in order to test these hypotheses, we conducted four studies using various
approaches including psychophysics and both functional and structural
neuroimaging. We first performed a behaviorai study to investigate pitch and
time discrimination in a group of congenitai amusics aduits and musically
intact controis. We next conducted an fMRI study to investigate the neural
basis of pitch pattern processing in a group of musically-intact university
students. Using a similar paradigm, we then used fMRi to investigate the
neural correlates of pitch and time discrimination in a group of amusic adults
and controls. Lastly, we employed VBM to search for any structural fleurai
anomaly in the form of brain matter concentration differences in the amusic
brain relative to controls.
o
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Abstract
It is estimated that about 4% cf the general population may be afflicted with
amusia (or tone-deafness). Congenital amusia is a lifelong disability for
processing music despite above-average inteilectual, memory, and language
skills. Here we present evidence that the disorder stems trom a deficit in fine
grained pitch perception. Amusic and control adults were presented with
monotonic and isochronous sequences off ive tones (i.e., constant pitch and
inter-tone interval). They were required to detect when the fourth tone was
displaced in pitch or time. Ail amusic participants were impaired in detecting
the pitch changes, and showed no sign cf improvement with practice. In
contrast, they performed as controls in detecting the time changes and
exhibited similar improvements with practice. Thus, amusics’ poor pitch
perception cannot be ascribed to nonspecific problems with the task nor to
poor hearing in general. Rather, the data point to the presence cf a congenital
neural anomaly that selectively impairs pitch processing.
o
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Humans appear to be born musical. Before one year of age, infants display
remarkable perceptual abilities that are similar, in many respects, to those of
adults. in particular, infants show enhanced processing for scales with
unequal pitch steps (Trehub, Schellenberg & Kamenetsky, 1999) and for
regular rhythms (e.g., Bergeson, 2002). These initial preferences for encoding
pitch along musical scales and for ascribing a regular pulse to incoming
events are essentiai to the hierarchicai organization of music. This type of
organization facilitates music processing by creating expectancies and
feelings ot surprise or satisfaction. The fact that these skills appear
precociously, well betore they have obvious utility, is consistent with the
proposai of music-specific predispositions (Trehub, 2001).
Some individuals appear to iack such predispositions for music. Their
musical failure cannot be explained by Iow intelligence nor environmental
circumstances (e.g., hearing impairment, iack of stimulation). For exampie,
Che Guevara (the highiy educated revolutionary) and Milton Friedman (Nobel
Prize in Economics) reported life-long musical handicaps despite having
taken music lessons in childhood (Taïbo, 1996; Friedman, 1998). The
prevalence of this disorder, which we term congenital amusia (Peretz et ai.,
2002), has been estimated at about 4 % in the UK (Kaimus & Fry, 1980) and
about 5 % in the USA (Drayna, personal communication). However, these
estimates are based upon performance on a single measure of musical
ability, which may have both poor validity and poor reliability. This may
explain why most researchers and educators do not consider amusics as
genuine anomalies, but rather as “drop-outs” of music-education systems that
favorthe musical elite (Kazez, 1985).
Recent evidence suggests that congenital amusia is a real disorder fAyotte,
Peretz & Hyde, 2002; Peretz et aL, 2002). According to a basic
neuropsychological principle, a slight but congenital neurai deviation may
c produce selective learning deficits. Thus, we searched for individuals
1$
with lifelong musical difficulties in order to study them in detail. From a large
pool of 45 volunteers with confirmed musical disorders on objective testing,
we selected the most clear-cut 11 cases and were able to document, across
multiple tests, that their deficit in discriminating and memorizing music was a
genuine learning disability. Their music disorder was remarkably selective.
Language was intact, including the recognition of song lyrics and cf speech
intonation. Moreover, the processing cf rhythm was much less affected than
that of pitch. Specifically, the cnly test on which aIl 1 1 amusic participants
failed to obtain normal scores was a pitch-based test, similar to that used in
the large prevalence surveys mentioned above. The test required listeners te
detect the presence of an anomalous note (i.e., played on a pitch that is out
of-scale) in conventional melodies. Amusics seem to lack the musical
predisposition for encoding pitch in terms cf musical scales.
Nonetheless, the musical deficiency might arise from a more elemental
defect. This hypothesis was suggested by the discovery cf a deficit in basic
pitch discrimination in our first documented case cf congenital amusia,
Monica (Peretz et al., 2002). Monica could barely detect a rising pitch change
as large as 2 semitones. The semitone is the smallest pitch distance
represented by two adjacent keys on a keyboard and is well above the limit of
normal pitch acuity, which lies in the order cf a quarter cf a semitone (e.g.,
Olshc, Schoon, Sakai, Turpin, & Sperduto, 1985). Mcrecver, Monica cculd
barely perceive falling pitch changes across a wide range cf pitch distances.
This peculiar and systematic defect points te the presence an aberrant pitch
perception system.
The presence of an inborn and basic defect in pitch perception may well
account for the emergence cf a lifelong musical impairment. Poor pitch
perception is likely te prevent the normal internalization et musical scales that
have steps between consecutive notes cf 1 or 2 semitcnes. Mcst Western
c melodies are constructed with small pitch distances between ccnsecutive
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tones; 70 ¾ are O (repeated pitches), 1, or 2 semitones in size (Vos & Troost,
1989). Similar pitch size distributions are observed across musical styles and
cultures (Dowiing & Harwood, 1986). In short, a perceptual system that is
unable to detect small pitch changes is likely to miss an essential part of
musical structure.
The goal of the present study was to assess the generality of this account.
We tested a group of 10 congenital amusic individuals and matched controls
in tasks that required basic pitch and temporal discrimination. The participants
heard “standard” sequences of five piano tones presented monotonicaily
(constant pitch) and isochronously (constant inter-tone interval), as well as
“comparison” sequences in which the fourth tone was displaced in pitch or
time. Their task was to detect a change to the fourth tone of a sequence. We
expected amusic individuals to experience ditficulties on the pitch dimension
to a greater extent than on the time dimension.
Method
Participants
The amusic group consisted ot eight adults who had participated in a previous
study (Ayotte et al., 2002) and two new volunteers. As can be seen in Table
1, there is a high proportion of aged female participants, as is generally the
case in educated volunteers. Each amusic individuai was matched in age,
gender, education, and handedness to a normal control participant (four f rom
Ayotte et al., 2002, and six new recruits) with no formai musical. None of the
participants had any previous neurological or psychiatric history.
Objective testing confirmed the presence of a musical deficiency in the
amusic participants, who scored significantly below matched controls in two
series of tests taken f rom the Montreal Battery cf Evaluation of Amusia
c (MBEA; http://www.fas.umontreal.calpsy/iperetz.html; see Table 1). The
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battery involves six tests, four of which are presented here. Three of these
assess the ability to discriminate changes in melody (by pitch contour, scale,
and interval size) and one tests rhythmic discrimination (by temporal
grouping). Both the melodic and rhythmic tests use a “same-different”
discrimination task, with the same set of novel but conventional sounding
music. Average group resuits for both amusics and controls are summarized
in Table 1. Examination of individual data indicates that each amusic
participant was impaired in the melodic tests, while about haif of them showed
normal performance in the rhythmic test. To illustrate the domain-specificity
of their disorder, scores obtained on a recognition task of familiar spoken
lyrics and ot the corresponding song tunes (without lyrics) are also presented.
Further test details can be found in Ayotte et al., 2002.
-Insert table 1 about here
StimuI4 apparata and procedure
Stimuli consisted of 21 different sequences, each containing 5 successive
tones. In the “standard” sequence, ail tones were 100 ms long, played at the
pitch level of C6 (1047 Hz) and synthesized with a piano timbre (on a Roland
SC 50 sound canvas) with the inter-tone-onset interval tITI) set to 350 ms.
When a sequence differed from monotony or isochrony, its tourth tone was
altered. In the 10 pitch-altered sequences, the fourth tone was displaced
upward or downward in pitch from C6 by one ot five pitch distances, ranging
f rom 25 to 300 cents (where 100 cents corresponds to 1 semitone). In the 10
time-altered sequences, the fourth tone was displaced in time from its
isochronous position occurring earlier or later by one of five temporal
increments that ranged from 8 to 16% of the ITI.
Participants were tested individually in the pitch and time tasks in separate
sessions. In both tasks, they were asked to press a “ yes “ button whenever
c they detected a change and a” no” button when they were unable to detect a
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change. Trials were randomized and haif contained no change (i.e., the
standard monotonic, isochronous sequence), but participants were informed
about the nature and the location where a change couid occur. They also
received 40 practice trials with feedback after each triai. Each test session
comprised 360 sequences (180 standards, 18 of each of 10 altered
sequences). In order to assess for a possible learning effect, eight amusic
and six control participants were presented with an additional series of 240
trials in the pitch task.
The stimuli were presented bilaterally through Sennheiser HD450
headphones in a quiet room, at an intensity level of 70 dB SPL-A.
Resu Its
The percentage of hits (corresponding to a “yes” response when there was a
change) minus false alarms (i.e., “yes” response when there was no change)
was computed for each participant as a function of the type, direction and size
of change.
An analysis of variance, using a 2 groups x 2 directions x 5 distances mixed
design, was computed on the data obtained in the pitch task. It revealed a
highiy significant interaction between Group and pitch Distance, with Ff4,
72)= 95.4, p <. 0001, and no main effect of pitch direction, and no interactions
involving pitch direction (F<1). Since pitch direction did not influence
performance, the scores presented in Figure 1 are averaged for upward and
downward pitch changes. As can be seen, the amusic group detect pitch
changes of 200 cents and above as welI as normais, but exhibit difficulties at
smaller distances. They perform beiow normal controis at 100 cents (t18 =
2.32, p < .05). While the pitch impairment was observed in each amusic
individual, controls obtained perfect scores over ail pitch distances.
C
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in contrast, in the Urne change detection task, the amusics’ performance
matches that of normal controls, even at subtle time differences (Figure lb).
The ANOVA revealed no Group effect (F (1, 18)= 2.9, p >.l0) nor significant
interaction with temporal Distance (F<l) nor with time Direction (early versus
late; F.<l).
As shown in Figure 2, the amusic participants show no clear improvement
over blocks (each comprising 120 trials) in the pitch task. In contrast, they
seem to benefit f rom prior experience as much as controls in the time task.
The data obtained in the first three blocks of trials were submitted to an
overall ANOVA, considering Group, Task and Block as factors in a mixed
design. It revealed a significant interaction between the three factors, with
F(2,36)= 9.6, p < .001. This reflects the tact that the only condition in which
performance declines rather than improves over blocks of trials is found in the
pitch task by the amusic participants. The decline was significant, with
F(2,18)=4.3, p<.03. Performance signiticantly improved with practice in ail
other conditions ( F(2,18)=89.56, p<.00l for amusics in the time task;
F(2,18)=4.3 and 10.77, p<.03, for controls in the pitch and time task,
respectively).
-Insert Figures 1 and 2 about here
Discussion
The results confirm the presence of a basic pitch defect in individuals
suffering f rom congenital amusia. Amusics have difficulty detecting changes
in pitch that are smaller than two semitones (200 cents), while normal acuity
is at least four times more fine grained. Lack of task understanding or auditory
attention problems cannot account for the deficit since amusics are able to
detect large pitch changes (over two semitones). The disorder also appears
to be irreversible because practice impairs rather than facilitates pitch
C judgments. Finally, the disorder is specific to pitch processing. When
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change to be detected invoived a time deviation f rom synchrony, rather than a
pitch deviation from monotony, amusics were as accurate as controls. They
obtained thresholds conform to typical values, with 75% of correct detection
for an asynchrony of about 40 ms (Ehrlé, Samson & Baulac, 2007; Hirsh,
Monahan, Grant, & Singh, 1990; Schulze, 1989). Thus, the results provide
compeliing evidence that amusic adults have an impaired ability to
discriminate pitch changes.
Although the pitch defect is iess severe in the present sample of amusic
participants than in our first case, Monica, it was found to interfere with the
discrimination of the crucial musical interval of one semitone. Moreover, the
problem was revealed in the context of a single repeating tone. When
additional uncertainty is added -as in a musical context- the same defect is
likely to be greatly amplified. Given that amusics are probably born with this
deficit, they have likely neyer assimilated the structure of musical scales nor
acquired the sophisticated tonal knowledge that every normally developing
individual builds on scales, albeit implicitly (Tillman, Bharucha & Bigand,
2000).
The importance of pitch for the musical domain is obvious. However, pitch
also contributes to speech communication. Yet, amusic individuals have no
problem to detect pitch changes in speech intonation (Ayotte et al., 2002).
This is because pitch variations in speech are very coarse as compared to
those used in music. For example, the final pitch tise that signais a question
is typically larger than 7 semitones in both French and English (e.g.,
Fitzsimons, Sheahan & Staunton, 2001). Hence, a deficient pitch perception
system may compromise music perception exclusively, not because it is
specialized for that domain, but because music requirements are more fine-
g rai ned.
C.
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Music is organized temporally as well as in pitch. As shown here, amusic
individuals seem to be able to perceive a regular pulse just as normais. Thus,
they shouid be abie to keep time to music by tapping or dancing. However,
most amusics report difficulties with these activities. Moreover, about haif of
them are impaired in rhythmic discrimination of musical excerpts. One
possibility is that an ensemble of musical deficits can be evident as cascade
effects of a faulty pitch-processing system. In fact, in ail previous tests that
probed the ability to process temporal structure in a musical context fAyotte et
al.; 2002, Peretz et al., 2002), pitch variations were present. It is possible that
pitch variations create noise in the processing system of amusic listeners,
hence preventing them from extracting temporal structure and regularity in a
reliable manner. As shown here, when no pitch variations are present in the
auditory pattern, amusic timing skills seem normal.
To conclude, congenital amusia is best understood as a developmental
disorder that arises from failures to encode pitch with sufficient resolution to
allow the acquisition of the core knowledge regarding the pitch structure of
music. This conclusion implies that, initially, the disorder is not specitic to
music but is rather related to a more general, psychoacoustic difficulty in fine
pitch resolution. Hence, one may consider congenital amusia as a mirror
image of some developmental disorders of language. lndeed, some
individuals suffer f rom language-specitic disorders that seem to result f rom a
difficulty to hear fine acoustic temporal variations (e.g.,Tallal, Miller & Fitch,
1993). From this perspective, pitch might be to music what time is to speech
(Zatorre, Belin & Penhune, 2002).
o
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Table J:
Characteristics Amusic* (n=JO) Control fn=1O) t- test
Age (yrs) 57 (1.6) 58 (1.7) n.s.
Gender 3 M, 7 F 3 M, 7 F
Education (yrs) 15 (0.6) 17 (0.7) n.s.
Musical discrimination
Melodic (MBEA) 59.8 (2.3) 88.1 (2.9) p < .001
Rhythmic (MBEA) 71 .9 (4.9) 90.4 (3.6) p < .05
Song memory recognition
Melodies 63.1 (35) **84.8 (2.2) p < .001
Lyrics 90.5 (1.6) **880 (1.7) n.s.
Characteristics of participants, mean percentages of correct responses on
key musical tests, and significance levels on corresponding t-tests. Standard
deviations are in parentheses.
* including A2, A3, A4, A7, A8, A9, Al 0, and Al 1 from Ayotte et al., 2002
**Data are from 20 different controls taken f rom Ayotte et aI., 2002.
o2$
Figure Iegends:
Figure J: Performance in the pitch (panel a) and time (panel b) discrimination
tasks, expressed as a mean percentage of hits minus taise aiarms for each
group of participants. Error bars represent standard error.
Figure 2: Performance by biock of 120 trials in the pitch (panel a) and time
(panel b) discrimination tasks, expressed as a mean percentage of hits minus
taise alarms for each group of participants. Error bars represent standard
error. Eight amusic and six controi participants were further tested in block 4
and 5.
29
.
Figure 1:
a
100
— 80
.
< 60 • Amusics
• 40 Controls
± 20
o
25 50 100 200 300
(15) (30) (62) (128) (198)
Pitch change in cents (Hz)
b
100
— 80
.
60
Arnusics
40
Controïs
± 20
O
8 10 12 14 16
(28) (35) (42) (49) (56)
lime change as % III (ms)
30
G
Figure 2:
a
85
.
I .U)
55
Ï 2 3 4 5
BÏock (pitch)
b 100
• Amusics
Controïs
85
LL
I
-4--, IV
55
1 2 3
BÏock (tirne)
31
o
SECOND ARTICLE:
EVIDENCE FOR THE SPECIFIC ROLE 0F THE RIGHT AUDITORY
CORTEX IN FINE PITCH RESOLUTION
o
-D—
o
Evidence for the Specïfic Role of the Right Auditory Cortex
In Fine Pitch Resolution
Krista L. Hyde* 2 Isabelle Peretz2, Robert J. Zatorre1
1Cognitive Neuroscience Unit, Montreal Neurological Institute, McGill
University, Montreal, Quebec, Canada H3A 2B4
2Department of Psychology, University of Montreal, C.P. 6128 succ.
Centre-ville, Montreal, Quebec, Canada H3C 3J7
Article submitted for publication to Journal of Neuroscience
(currently under review).
o
3Abstract
C
The neural basis of human pitch perception is not fully understood. It has
been argued that the auditory cortices in the two hemispheres are
specialized, such that certain right auditory cortical regions have a relatively
finer resolution in the frequency domain than homologous regions in the Ieft
auditory cortex, but this concept has not been tested directly. Here, we used
functional magnetic resonance imaging (fMRI) to test this specific prediction.
Healthy volunteers were scanned while passively listening to pure-tone
melodic patterns in which the pitch distance between consecutive tones was
varied in a parametric fashion. As predicted, brain activation in a region of
right lateral auditory cortex was linearly responsive to increasing pitch
distance. Whereas this right auditory cortical area was sensitive to even fine
pitch changes, the homologous left cortical region was minimally responsive
except to large pitch changes. The results support the model of relative
hemispheric specialization and provide direct evidence that the right
secondary auditory cortex has a finer pitch resolution than the left.
o
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Introduction
n
Pitch perception is key in the processing of music, a uniquely human attribute,
but its fleurai correiates are flot fully understood. Many findiflgs have shown
that musical pitch processing preferentially involves right auditory cortical
structures. For example, studies of brain-lesioned patients have shown that
the right auditory cortex is critical for meIody discrimination (Mimer, 1962),
perception of missing fundamental pitch (Zatorre, 1988), perception of melody
in terms of its global contour (Peretz, 1990), direction of pitch change
(Johnsrude et aI., 2000), and in using melodic contextual cues in pitch
judgments (Warrier and Zatorre, 2004). Consistent evidence cornes from
neuroimaging studies showing that right auditory regions are central in
various aspects of musical pitch processing, such as in melodic processing
(Patterson et al., 2002; Zatorre et al., 1994), in the maintenance of pitch while
singing (Perry et al., 1999), and in imagery for tunes (Halpern and Zatorre,
1999). in contrast, left auditory regions seem to be specialized for rapid
temporal processing as required in speech (e.g. Belin et al., 1998; Phillips &
Farmer, 1990).
Zatorre and colleagues (2002) have recently proposed that the auditory
system has developed two parallel and cornplementary systems, one in each
hernisphere, specialized for differential resolution in the spectral and temporal
domains, as a need to optimally process incoming simultaneous spectral and
temporal acoustic information from the environment. A similar proposition
has been made by Poeppel and colleagues (2003), who suggested that
different time integration windows characterize the left and right auditory
cortices. Support for this model cornes frorn neuropsychological (Robin et al.,
1990), electrophysiological (Liegeois-Chauvel et al., 2001) and neuroimaging
studies (Boernio et al., 2005; Brechmann et al., 2005; Schônwiesner et al.,
2005; Zatorre and Belin, 2001). In the study by Zatorre and Belin (2001),
C which was used as a model for the present study, normal subjects were
scanned while passively listening to pure-tone sequences that varied
C parametrically either in terms of spectral compiexity or temporal rate.
Responses to the spectral features were weighted towards right auditory
areas, whereas responses to the temporal features were weighted towards
the ieft. These findings were interpreted as refiecting that the right auditory
cortex has a finer spectral resolution, whereas the left has a higher temporal
resolution, but this explanation was flot tested directly, and it has flot been
universaiiy accepted (Scott & Wise 2004).
Here, we used functional magnetic resonance imaging (fMRI) to test the
prediction arising from the hemispheric specialization hypothesis that the right
auditory cortex is more sensitive to small spectral changes as compared to
the left. Subjects were scanned while passively listening to pure-tone melodic
patterns in which the pitch distance between consecutive tones was varied in
a parametric fashion. We reasoned that if the right auditory cortex has a
higher resolution for spectral change, then it should show correlated changes
in activity as a function of even small changes in the pitch of a tone sequence;
the ieft auditory cortex, shouid respond either minimaily, or only to larger pitch
changes.
Methods
Subjects
Ten healthy right-handed voiunteers (haif of each gender; mean age 25.3, SD
4.4 years) participated in the fMRI experiment. AIl had normal hearing as
determined via standard audiometric testing and had no formai musical
training. Ail subjects gave informed written consent for a protocoi approved
by the Montreal Neurologicai institute Ethics Review Board.
C
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Behavioral experiment
Prior to scanning, subjects were tested in a pitch discrimination task to ensure
that they could discriminate the pitch changes used in the subsequent fMRI
experiment. The task was based on one used in a previous study (Hyde and
Peretz, 2004). However, here, we used smaller pitch distances. Subjects
were presented with a series of 360 five-tone isochronous sequences, where
ail tones were 100 ms in duration with 250 ms between tones. On haif of the
trials, ail five tones were of the same pitch (1046 Hz), but on the other hait,
the fourth tone was altered by either a tise or falI in pitch at one of the
foliowing distances: 6.25, 12.5, 25, 50, 100, or 200 cents (where 1 cent is a
unit of equal 10g frequency separation; 1 semitone = 100 cents). Subjects
were asked to press a “yes” button whenever they detected a change and a
“no” button when they were unable to detect a change. The stimuli were
presented bilateraliy through Sennheiser HD450 headphones in a quiet room,
at an intensity level 0f 70 dB SPL-A in a random order. The test iasted about
10 minutes.
The performance 0f the ten subjects in the pitch discrimination task as a
function of pitch change is shown in Figure 1. As can be seen, normai
listeners perform weii above chance (p < 0.001) at the smallest pitch changes
of 6.25 and 12.5 cents, and perform at ceiling at ail pitch distances including
and above 25 cents.
-insert Figure 1 about here -
fMRI experiment
Stimuli
Stimuli consisted of seven pure-tone melodic patterns consisting of 21 tones
each. AIl melodies had the same pitch contour starting at 1046 Hz
(corresponding to the musical note C6) as shown in Figure 2, but was
C modified parametricaiiy in terms of pitch distance between consecutive tones.
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The stimuli were presented at one of the fotlowing seven pitch distancesC between tones (from smallest to largest): O (fixed pitch), 6.25, 12.5, 25, 50,
100, or 200 cents. The center value for ail patterns was 1046 Hz. Ail tones
were generated using MITSYN software (Henke, 1976). Each tone was 100
ms in duration, with 250 ms between each tone in the sequence, and the total
duration of each sequence was 7350 ms.
-insert Figure 2 about here -
Task design
Subjects were scanned while passively listening to the stimuli as in the
Zatorre and Belin (2001) study. Subjects heard the stimuli binaurally at a
level of —80 dB sound pressure level via Siemens MR-compatible pneumatic
sound transmission headphones. Stimuli were presented in a pseudo
randomized order using Media Control Functions software (MCF, Digivox,
Montreal, Canada). There were two runs, each with a total of 78 trials and
two conditions: pitch (with 15 trials for the fixed pitch level, and 8 trials for
each of the other six levels), and a baseline condition of silence (with 15
trials). Each run lasted about 15 minutes. A long inter-acquisition time of 10
seconds was used in order to minimize the noise-artifact from the scanner on
the participants’ ability to hear the stimuli. This also serves to avoid scanner
noise contamination of the Blood oxygenation level-dependent (BOLD)
response on the stimuli in the auditory coMices (Belin et al., 1999). Each
acquisition lasted 2 seconds, and the stimuli were presented 0.4 seconds
after each acquisition.
fMRI parameters and analysis
Scanning was per[ormed on a Siemens (Erlangen, Germany) Vision 1.5 T
MRI scanner at the Montreal Neurological Institute. A high resolution Ti
weighted anatomical scan was obtained for anatomical localization for each
subject [echo time (TE), 9.2 ms; repetition time (TR), 22 ms; matrix size, 256
3$
x 256; voxel size, 1 x 1 x 1 mmJ, toilowed by two series of 78 T2* gradient
C echo-pianar images. A headcoii was used to obtain 20 interleaved suces
spanning the whole brain, and oriented along the Sylvian fissure (TE, 50 ms;
TR, 10 s; matrix size, 64 x 64; voxel size, 5 x 5 x 5 mm).
In-house software (Collins et al., 1994) was used in the pre-processing of the
BOLD images. The images were first spatially smoothed using a 12 mm full
width at half-maximum Gaussian blurring kernel, corrected for motion, and
then were Iinearly transformed into standard stereotaxic space corresponding
to the MNiîralairach template (Collins et al., 1994). Next, statistical analysis
based on a general linear model with correlated errors (Worsley et al., 2002)
was performed on the BOLD data. Covariate analyses considering the BOLD
response over ail seven pitch distances were performed in order to
investigate which brain areas showed activity that correlated in a linear
fashion with increasing changes in pitch. Subtraction analyses, including four
contrasts, were also pertormed in order to test for a non-linear relationship
between BOLD activity and pitch distance. As a control contrast, ail pitch
conditions were summed and compared to silence. The fixed pitch condition
was compared to silence to identify the brain areas responsive to fixed pitch
information, In addition, a contrast of ail pitch-variation conditions relative to
fixed pitch was performed to identify the brain areas responsive to changing
pitch information, while the largest pitch (200 cents) was compared to the
fixed pitch (0 cents) condition to determine the regions responsive to the
largest pitch change in particular.
A minimum threshold for statistical significance for the covariation and
subtraction analyses was computed according to the random field theory,
which corrects for the multiple comparisons involved in searching across a
volume (Worsley et al., 2002). The results were deemed statistically
significant at a t-threshold of 4.9 at p < 0.05, corrected for multiple
C comparisons across the whole-brain. Based on the results from the
n
J
and Belin (2001) study, we expected that the auditory cortices would be
specificaiiy responsive to the pitch sequences. Thus, we used a region of
interest (ROI) approach, which allows the use of a iower threshold value and
hence greater sensitivity within a region defined a priori. For an ROI
corresponding to the temporal neocortex with gray matter volume of roughly
17000 mm3, the threshold applied was t = 3.3 at p < 0.01 (uncorrected).
Resuits
Imaging resuits
Covariation analyses
Ihe covariation analysis considering the BOLD response across the seven
pitch distances revealed activation in an area of secondary auditory cortex
corresponding to the right planum temporale (PI; x = 64, y -22, z = 4; t =
3.6). Ihis region was laterai to the right primary auditory cortex, which is
found in the medial portion ot Heschl’s gyrus (HG; Fig. 3A), and was
determined with the aid of anatomical probability maps of HG (Penhune et al.,
1996) and of PI (Westbury et al., 1999). There were no Ieft auditory peaks in
this analysis (Fig. 3A). Extraction of the ¾ BOLD signal change (as
compared to silence) for every pitch distance at this right PT peak revealed a
significant positive linear trend (p < 0.05), where the BOLD signal increased
as a function of increasing pitch distance (Fig. 3B; right side). The extraction
of the BOLD signal at the analogous region in the left hemisphere did not
reveal a significant linear trend (Fig. 3B; left side). However, it appeared that
there was a nonlinear response such that BOLD signal increased only at 200
cents. This effect is explored further in the subtraction analyses (below).
In order to test whether there was a significant difference in the degree of
change in the BOLD signal as a function of smaller pitch distances, we
calculated the mean slope values of the BOLD data over ail ten subjects at
the left and right PT peaks for the first six conditions, and contrasted these
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values across hemispheres. We excluded the largest pitch condition of 200
cents sinGe both the right and left PI peaks showed a maximal BOLD
response at this pitch distance. The average right PT siope was significantly
greater than the left (p < 0.01, one-tailed t-test) (Fig. 30), indicating that the
right PT responds to a greater extent to smailer pitch distances, compared to
the Ieft PT, which on average has a near-zero slope over this range of pitch
values.
-insert Figure 3 about here -
Subtraction analyses
As expected, the contrast of ail sounds minus silence reveaied significant
bilateral activation centered around primary and nearby secondary auditory
cortices (Fig. 4A), whiie the contrast of fixed-pitch minus silence reveaied
significant biiateral activation in only the mediai portion 0f HG, iikeiy within
primary auditory cortex (Fig. 4B). Comparing the sum of ail the pitch-change
conditions (i.e., 6.25 through 200 cents) versus the fixed-pitch condition,
revealed significant activation in only the right PT (x = 58, y = -22, z = 6; t =
5.9; Fig. 40), in a location very comparable to that shown in the covariation
analysis. 0f greatest interest was the contrast of largest pitch distance (200
cents) minus fixed pitch (0 cents) because this contrast evaluates the
presence of a non-linear response on the left side. it indeed reveaied
significant bilateral activation in both primary and secondary auditory areas
inciuding the PT and the superior temporal gyrus (STG) (Fig. 4D).
-insert Figure 4 about here —
Discussion
Relative functional asymmetry of the audïtory cortex
We found that the right auditory cortex was preferentially responsive to smali
pitch changes as compared to the left. Both the covariation analyses and the
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contrast ot ail pitch change conditions minus fixed pitch yielded significant
activation specificaily in the right PT, lateral to HG. As predicted, the right PT
showed correlated changes in activity as a function cf small pitch changes
(i.e. Iess than 200 cents) (Fig 3). in contrast, the Ieft PI was minimally
sensitive to pitch changes less than 100 cents, but was responsive to the
Iargest pitch distance of 200 cents as suggested by the ROI extraction (Fig
3B) and confirmed by the subtraction analyses (Fig 4D). Thus, our data
provide support for the model of relative hemispheric asymmetry where the
right auditory cortex has a higher resolution in the frequency domain
compared to the left, as suggested in functional imaging studies
(Schônwiesner et aI., 2005; Zatorre et al., 2002). These results are also
consistent with findings from a study that used intracerebrally recorded
auditory evoked potentials in humans to demonstrate that neurons in the right
auditory cortex were more sharply tuned to frequency as compared to those
on the Ieft (Liegeois-Chauvel et al., 2001).
This difference in frequency resolution between the hemispheres may
account for why brain activation and pitch distance were linearly related in the
right auditory cortex, but not the Ieft. Regardless ot this difference in
resolution, increasing the consecutive pitch distance between tones in the
melodic pattern results in a wider pitch range and spans a broader range of
frequencies. An increasingly broad spectrum presumably activates a greater
number of auditory neurons that are organized in a tonotopic fashion in both
the Ieft and right auditory cortices (Formisano et al. 2003; Talavage et al.,
2004). Accordingly, one may expect a linear relationship between brain
activation and pitch distance in both hemispheres. However, this Iinear trend
is seen only in the right auditory cortex over small pitch distances,
presumably because right auditory cortical neurons are more sharply tuned,
and thus are more sensitive and show a greater BOLD response to the fine
pitch changes, relative to the left auditory cortex. In contrast, we do not see
C this linear trend in the left auditory cortex since neural populations on that
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side presumably have a coarser tuning function, and thus respond to larger
C pitch changes, but are only minimally responsive to small pitch changes.
The interpretation that the left auditory cortex does respond to pitch changes
but only when they are relatively large is consistent with the idea that the
hemispheric asymmetry is relative and flot absolute. Support for this relative
asymmetry cornes f rom the study of patients with temporal-lobe excisions that
encroached upon the right HG and secondary auditory cortex lateral to HG,
similar to the region found here that was sensitive to pitch change (Johnsrude
et al., 2000). These patients were able to judge the direction of pitch change
between two tones, but had significantly elevated thresholds on this task, as
compared to patients with more anterior right temporal excisions, sparing the
lateral HG area, or to patients with left temporal excisions, and normal
controls (Johnsrude et al., 2000). These authors suggested that this
phenomenon could be explained by the idea that the patients with right lateral
HG excisions could use their intact Ieft auditory cortex to accomplish the task,
but the less tine-grained representation ot pitch in the left hemisphere would
lead to a higher threshold (Johnsrude et al. 2000).
Hierarchical pitch processing in the auditory cortex
Although the prior studies (Johnsrude et al., 2000; Patterson et al., 2002;
Schônwiesner et al., 2005; Zatorre and Belin, 2001) converge in implicating a
network of right secondary auditory areas in the processing of spectral
variations, the results across these studies do flot correspond to exactly the
same auditory regions. These differences are likely related to stimuli
differences between experiments. For example, in contrast to the pure-tone
melodic patterns used in the present study, in their fMRI study, Schbnwiesner
and colleagues (2005) employed novel noise-like stimuli that were
perceptually unrelated to speech and music, but contained acoustic
characteristics of both. When these stimuli were made more spectrally
C cornplex, brain activation was weighted to the right auditory cortex, with the
strongest asymmetry in an area of secondary auditory cortex at the border ofC the antero-lateral PT and STG, ve similar to the right PT area found in our
study. However, in contrast to the present study, both the right and left
primary auditory cortices were sensitive to the spectral variations. This trend
may be accounted for by the fact that complex spectral stimuli as used by
Schbnwiesner et al. (2005), are known to produce more activation than pure
tones in HG and bilaterally on the lateral supratemporal plane (Hall et al.,
2002), and that the highest degree of spectral spacing used in that study
(1/l6th
of a 6-octave bandwith) was much coarser than the small frequency
changes used here.
The right PT activation found in our study s posterior (by about 20 mm) to the
anterior superior temporal area that was found to be responsive to spectral
changes in the Zatorre and Belin (2001) study. In this case, both studies
employed pure-tone, sequential, melodic stimuli, but the spectral stimuli used
in the Zatorre and Belin (2001) study consisted of a random pure-tone
sequence spanning a constant spectral range of one octave, whereas in our
study, the pitch pafferns aIl had the same melodic contour but varied in
spectral range. Thus, the more posterior activation found here, may reflect
that the processing of a fixed melodic contour involves more postero-lateral
secondary auditory areas, whereas a random melodic contour favors more
antero-lateral secondary auditory areas. Nonetheless, the present result is
consistent with the findings that the hemispheric asymmetry in spectral
processing is most apparent in regions beyond the primary auditory cortex.
Converging evidence for the importance of lateral belt cortex to pitch
processing also comes from recent neurophysiological findings in the
marmoset (Bendor and Wang, 2005). This study reveals the existence of
pitch-sensitive neurons that respond with a consistent firing pattern to a
variety of complex sounds that perceptually correspond to a given pitch. The
C
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region identified, in beit cortex near the antero-lateral border of the primary
cortex, is compatible with our findings here.
Both functional (Patterson et aL, 2002) and anatomical (Hackett et aI., 2001)
findings indicate a hierarchy of pitch processing, where the center of activity
moves antero-Iateraliy away from the primary auditory cortex, with more
complex pitch pattern processing. For example, in a recent fMRI study that
sought to identify the main stages cf meiody processing in the auditory
pathway, spectrally matched sounds that produce no pitch, fixed pitch, and
melodies were ail found to activate HG and PT, while more complex melodies
activated regions beyond these areas including the STG and planum polare
(Patterson et al., 2002). Consistent with this notion of hierarchical pitch
processing, in the present study the processing of fixed pitch implicated
primary auditory cortex bilaterally, while the processing of changing pitch
patterns implicated secondary auditory areas as weil, including the PT and
STG, and with a right-weighted lateralization.
Conclusion
The present data provide further evidence for the presence of a network of
right secondary auditory areas that are preferentially involved in the
processing of sequentiai pitch information. The resu Its are consistent with the
model of relative hemispheric specialization and provide direct evidence that
the secondary auditory cortices in the two hemispheres differ in their spectral
resolution.
Q
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Figure legends:
C
Figure 1: Pitch discrimination behavioral task resuits.
Performance of n=10 subjects expressed as mean percentage of hits (i.e. a
“yes” response when there was a change) minus false alarms (F.A.; i.e. a
“yes” response when there was no change) as a function of pitch change.
Error bars represent standard errors.
Figure 2: Schematic of a melodic pattern used in the fMRI study.
Each black square corresponds to one tone, and the pitch distance between
consecutive tones (P) in cents is shown along the vertical axis from a center
pitch 0f 1046 Hz corresponding to the musical note C6.
Figure 3: fMRI results: covariation analyses.
A, Group (n=10) t-statistical map forthe covariation analysis superimposed on
the group average anatomical MRI. The right side of the brain image
corresponds to the right side of the brain. Horizontal and coronal sections are
shown on the left and right of the figure, respectively; the yellow arrows point
to the right PT peak activation. B, Correlations of % BOLD signal change as a
function of increasing pitch distance at the left and right PT. A trend line is
drawn to demonstrate the significant (*p < 0.05) positive linear trend at the
right PT, along with the corresponding Pearson r value. C, Average slopes of
the %BOLD signal at the left and right PT. The ** indicates a significant
result at p < 0.01 (one-tailed t-test).
Figure 4: fMRI results: subtraction analyses.
A, B, C, and D, Group (n=1 0) t-statistical maps for the four different contrasts,
each of which are superimposed on the group average anatomical MRI.
Images are shown as horizontal sections.
o Figure 1:
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Abstract
Congenital amusia (or tone-deafness) is a lifelong disability that prevents
otherwise normal functioning individuals from developing basic musical skills.
While behavioral evidence indicates that it may be due to a deficit in pitch
processing, there is little known about the neural correlates of this disorder.
Here, functional magnetic resonance imaging (fMRI) was used to investigate
the neural bases cf pitch and time discrimination in a group cf congenital
amusic adults and musically-intact controls. Subjects listened passively to
pure-tone melodic pitch patterns that were parametrically modified either in
pitch distance, or in terms cf temporal rate of presentation. Contrary to
expectation, amusics exhibited a similar pattern of blocd oxygenation level
dependent (BOLD) activation as controls in processing the melodies, and a
deviant pattern of activation in processing the same melodies when they were
presented at various temporal rates. These imaging resuits suggested that
amusics have problems te capture pitch changes when they are presented
rapidly. In order to verify this hypothesis, subjects were then tested in a
behavioral paradigm where they were required te judge the direction cf pitch
change, or discriminate a pitch change, between two tones, when these were
presented at various temporal rates. Amusics were unable to judge the
direction cf pitch change at even the slowest temporal rate, and had great
difficulty relative to controls te discriminate the pitch changes at faster
temporal rates. These results point te a complex deficit, involving pitch
distance, pitch direction, and temporal resclution that may contribute to the
musical impairments cbserved in congenital amusia.
Keywords: congenital amusia, tone-deafness, pitch and time processing,
fMRI, behavioral and neural correlates
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Introduction
Human societies have aiways produced and enjoyed music, but about four
percent of the general population is not able to do so (Kalmus and Fry, 1980).
The existence of a developmental disorder of musical abilities, colloquially
known as ‘tone-deafness’, has been entertained for over one century (Grant
AlIen, 1878; Geschwind, 1984). However, it is only recently that a large
research effort has been made to study the origins ot such a disorder,
currently termed ‘congenital amusia’ (Peretz et al., 2001). This disorder is
characterized by a severe life-long impairment in both the perception and
production of music, that prevents otherwise normal functioning individuals
f rom developing basic musical skills. While several studies have explored the
behavioral manifestations of this disorder fAyotte et al., 2002; Peretz et al.,
2002; Hyde and Peretz, 2004; Foxton et al., 2004), there is little known about
its neural correlates. The main objective of the present study was to further
elucidate the neural bases ot congenital amusia in terms of pitch and time
discrimination.
Behavioral evidence suggests that congenital amusia is principally due to a
deficit in the processing of pitch information, while temporal processing
appears to be less affected. Most notably, every amusic individual tested to
date has shown a severe problem in the detection of anomalous pitches
inserted in popular melodies (Ayotte et al., 2002; Hyde and Peretz, 2005).
The pitch anomalies consist of tones that do not belong to the key in which
the melody has been written, and hence sound incongruous for listeners of
Western music. Even young listeners with no formai musical training are
sensitive to these key violations (Trainor and Trehub, 1994). In contrast, the
amusics do not demonstrate such a clear-cut deficit in the time domain. For
example, amusics appear to be able to detect a rhythmic deviation in the
context of a single short melody (Hyde and Peretz, 2005), while about half of
Ç the amusics have been shown to have problems to discriminate a similar
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rhythmic deviation between two melodies (Peretz et al., 2003). The
discrepancy between these resuits is likely due to the fact that the latter
discrimination task is more demanding relative to the f irst in terms of memory
load. Thus, there seems to be a subset of amusics that are spared in some
aspects of musical time processing, and a proportion that are impaired. In
comparison, ail amusic individuals seem to be impaired in terms of musical
(tonal) pitch.
The presence of such a musical pitch deficit is supported at a neural level by
tindings from a recent voxel-based morphometry (VBM) study that explored
for structural brain differences in amusics relative to musically-intact controls
(Hyde et al., 2005). VBM is a computerized procedure that searches
throughout the whole brain for differences in local concentration of brain
tissue between groups (Ashburner and Friston, 2000), and has been effective
in revealing brain abnormalities in developmental disorders (e.g. Watkins et
al., 2002; Vinckenbosch et al., 2005; Boddaert et al., 2004). In our study
(Hyde et al., 2005), in two independent data samples, amusics were shown to
have reduced white matter concentration in the right inferior frontal gyrus, and
that this anatomical anomaly was related to a pitch-based musical task.
Given that right frontal regions have been shown to be central to the encoding
of musical pitch (Koelsch et al., 2002; Tillmann et al., 2003), and that we
know amusics are critically impaired in this regard (Ayotte et al., 2002; Hyde
and Peretz, 2005), we interred that this right frontal anomaly was one neural
marker of the amusics musical pitch deficit.
This deficit might arise from a more elemental problem. A problem in fine
grained pitch discrimination may prevent the normal internalization 0f musical
scales that have steps between consecutive notes of 1 or 2 semitones
(corresponding to 1 or 2 adjacent keys on a keyboard). Most Western
melodies (Vos and Troost, 1989), and those from other cultures (Dowling and
C Harwood, 1986) are constructed with such small pitch distances. Thus,
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individuals who are unable to detect such small pitch changes, will miss an
essential part of musical structure. The presence of a fine-grained pitch
discrimination deficit has been confirmed in each amusic subject tested so far
(Hyde and Peretz, 2004; Foxton et al., 2004). For example, amusics were
impaired in detecting a small pitch deviation in a five-tone monotonic and
isochronous sequence as compared to musically-intact controls (Hyde and
Peretz, 2004). Their deficit was shown to be specific to the pitch domain
since they pertormed as controls in detecting a slight time deviation in the
same context (Hyde and Peretz, 2004). Amusics have also been shown to be
impaired in judging the direction of pitch change between two tones (Foxton
et al., 2004). Given that their pitch deficit included the critical semi-tone
distance, we concluded that a severe and specific deficit in tine-grained pitch
discrimination might well account for the musical impairments in congenital
amusia.
To date, only one study has explored the neural basis cf the pitch deficit in
congenital amusia. In order to narrow down the neural locus of this fine
grained pitch deficit, Peretz et al. (2005) recently conducted an event-related
potentials (ERP5) where congenital amusic individuals and musically-intact
controls were required to detect a rare deviant tone in a sequence of
repetitive standard tones while their ERPs were recorded. Amusics showed
abnormal electrical brain responses to the pitch deviations in right-lateralized
brain areas, and showed no brain response to pitch deviances smaller than
one semitone, whereas controls did so consistently. In contrast, amusics
showed an enlarged brain response to large pitch changes of 2 and 3
semitones, with an N2 (that was flot present in controls) and a P3 almost
twice as large as that observed in controls. These abnormal brain responses
were inferred to be neural markers of the amusics’ fine-grained pitch
processing deficit. Given the Iimited spatial resolution of the ERP approach, it
was flot possible to Iocalize the exact brain areas of these abnormal
c responses. However, the electrical activity of the auditory cortex of amusic
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individuals appeared to be intact given that the Ni voltage distribution over
the scalp is consistent with a localization of the generators in the secondary
auditory cortex (Ntànen et al., 1987). These results converge with findings
f rom the above VBM study (Hyde et al., 2005) showing that amusics appear
to have a pitch-based neural anomaly that lies outside the auditory cortex.
These results were surprising since we expected to find a pitch-based neural
anomaly in the right auditory cortex of amusics, given the role of this region in
various aspects of musical pitch processing. For example, studies of brain
lesioned patients have shown that the right auditory cortex is critical for
melody discrimination (Mimer, 1962), in the perception of missing
fundamental pitch (Zatorre, 1988), in the perception of melody in terms of its
global contour (Peretz, 1990), in perceiving the direction of pitch change
(Johnsrude et al., 2000), and in using melodic contextual cues in pitch
judgments (Warrier and Zatorre, 2004). Evidence f rom neuroimaging studies
of normal listeners is consistent with these findings, showing an asymmetry
favoring right auditory regions in melodic processing (Zatorre et al., 1994;
Patterson et al., 2002; Hyde et al., 2003), in the maintenance of pitch while
singing (Perry et al., 1999), imagery for tunes (Halpern and Zatorre, 1999),
and in the detection of deviant chords (Tervaniemi et al., 2000).
While pitch processing appears to favor the right hemisphere, time processing
seems to be weighted to left auditory cortical structures. For example,
findings from studies of brain-lesion patients (Phillips & Farmer 1990; TallaI et
aI, 1993; Ehrlé et aI., 2001) single-unit-electrode recordings (Liégeois
Chauvel et aI., 1999), auditory steady-state electrophysiological data
(Yamasaki et aI., 2005) and neuroimaging data (Belin et aI., 1998; Zatorre
and Belin, 2001; Schônwiesner et aI., 2005), have shown that Iett auditory
cortical regions play a critical role in rapid temporal processing. Zatorre and
colleagues (2002) have recently proposed that the auditory system has
developed two parallel and complementary systems, one in each hemisphere,
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specialized for differential resolution in the spectral and temporal domains, as
a need to optimally process incoming sirnultaneous spectral and temporal
acoustic information from the environment. A similar proposition has been
made by Poeppel and colleagues (2003) who suggested that different time
integration windows characterize the left and right auditory cortices, with
faster temporal information (i.e. 25—50 ms) processed in left auditory areas
and slower information in the right (i.e. 200—300 ms). Support for the concept
of relative hemispheric asymmetry cornes frorn neuropsychological (Robin et
al., 1990), electrophysiological (Liégeois-Chauvel et al., 2001) and
neuroimaging studies (Zatorre and Belin, 2001; Boemio et al., 2005;
Brechmann et al., 2005; Sch5nwiesner et al., 2005;). The Zatorre and Belin
(2001) study is of particular importance since it serves as a model for the
present study. With the aim to test the theory of relative hemispheric
asymrnetry, in this PET study, rnusically-intact subjects were scanned while
passively listening to pure-tone sequences that varied either in terms of
spectral complexity or temporal rate (Zatorre and Belin, 2001). As expected,
the responses to the spectral features were weighted towards right auditory
areas, whereas responses to the temporal features were weighted towards
the left. These findings were interpreted as reflecting differential resolution in
the spectral dornains and temporal in right and left auditory cortices,
respectively.
Here we ernployed tunctional magnetic resonance imaging (tMRI) to
investigate the neural correlates of pitch and tirne discrimination in congenital
arnusia. It is possible that we were previously unable to detect a neural
anomaly in the auditory cortex of amusic individuals due to the fact it may be
too subtie to be captured by VBM or ERP techniques. In order to target a
potential neural anornaly thought to exist in the auditory cortex of arnusic
individuals, here we used pitch sequences known to elicit responses in the
auditory cortices (Zatorre and Belin, 2001; Hyde et aI, 2003). Congenital
C arnusic subjects and musically-intact controls were scanned while passively
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listening to pure-tone melodic patterns that were parametrically modified
either in pitch distance, or in terms of temporal rate of presentation. Given
the amusics pitch deficit (Hyde and Peretz, 2004; Foxton et al., 2004), we
hypothesized that they would show a deviant pattern of BOLD activation as
compared to controls in discriminating the pitch changes, specifically in the
right auditory cortex. Based on the behavioral evidence that amusics perform
as musically-intact controls in time discrimination (Hyde and Peretz, 2004),
we did flot expect to find any particular ditterence in brain activation in
amusics relative to controls along the temporal dimension.
To better understand these imaging resuits, we next conducted a second,
behavioral study, where we tested the ability of amusics to detect varying
pitch changes presented at various temporal rates. The pitch distances and
temporal rates were the same as those used in the fMRI study, however this
time, the subjects heard pairs ot isolated tones (and flot tone sequences) that
were similar to those used in previous psychophysical testing (Johnsrude et
al., 2000, Gougoux et aI., 2004). As in these previous studies, following each
tone pair, subjects either pertormed a pitch direction judgment, by deciding
whether the final tone rose or feu, or a pitch detection judgement, by deciding
if the two tones were the same or ditferent. Although amusics have
previously been shown to have problems in both pitch direction and detection
judgements (Foxton et al., 2004; Hyde and Peretz, 2004), their ability to
discriminate pitch changes as a tunction ot temporal rate of presentation has
flot yet been evaluated. Based on evidence that normal listeners find it
increasingly difficuit to discriminate pitch changes between two tones when
these are presented at increasingly rapid temporal rates (Hartmann et al.,
1985; Gougoux et al., 2004), we predicted that amusics would show amplified
ditticulties relative to musically-intact controls to capture rapid changes in
pitch.
Study 1: fMRI experiment
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Materîals and Methods
Subjects
Nine congenital amusic subjects and nine musically-intact controls, matched
in age, education and handedness, participated in the fMRI experiment. AH
amusic subjects had been thoroughly evaluated on previous testing (Ayotte et
al., 2002, Hyde and Peretz, 2004). AIl subjects had normal intellectual,
memory and language skills, normal hearing with respect to their age, and
none had any previous neurological or psychiatric history. Subject
characteristics are presented in Table 1. AIl amusics were impaired relative
to controis on the Montreal Battery of Evaluation of Amusia (MBEA), a battery
of music perception tests used to diagnose congenital amusia (Peretz et al.,
2003). The battery invoives six tests, which test melodic and rhythmic
discrimination as well as sense ot meter and musical memory. The global
MBEA scores (averaged over ail six tests) for amusics and controls are
summarized in Table 1. Ail amusic subjects were also impaired relative to
controis in detecting a small pitch deviation in a five-tone monotonic and
isochronous sequence, whereas they performed as controls in detecting a
slight time deviation in the same context (Hyde and Peretz, 2004). The mean
scores for the pitch and time discrimination tasks for amusics and controls are
summarized in Table 1. Ail subjects gave informed written consent for a
protocol approved by the Montreal Neurological lnstitute Ethics Review
Boa rU.
-insert Table 1 about here
Stimuli
The stimuli consisted of tourteen pure-tone melodic patterns that were based
on those used in the Zatorre and Beiin (2001) study. A schematic of a
melodic pattern is shown in Figure 1. Each black square corresponds to one
tone, and the pitch distance between consecutive tones (P) s shown along
the vertical axis. Ail melodies had the same pitch contour starting at 1046 Hz
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(corresponding to the musical note 06), but was modified parametricallyC either in terms of pitch distance or in temporal rate. The stimuli for the pitch
condition were presented at a constant temporal rate of tone duration 340 ms,
at one ot the following seven pitch distances between tones (f rom smallest to
largest): O (fixed pitch), 6.25, 12.5, 25, 50, 100, or 200 cents (where 1 cent is
a unit of equal 10g frequency separation; 1 octave = 1200 cents and 1
semitone = 100 cents). The center value for ail patterns was 1046 Hz. The
stimuli for the time condition were presented at a constant pitch distance
between tones of 200 cents, at one of the following seven temporal rates with
tone duration (from slowest to fastest): 1460, 730, 367, 183, 91, 45, 22 ms.
Every sequence had a constant total duration of 7350 ms, with 10 ms
between tones. Ail tones were generated using MITSYN software (Henke,
1976).
-insert Figure 1 about here -
Task design
Subjects were scanned while passively listening to the stimuli as in Zatorre
and Belin (2001). Subjects heard the stimuli binaurally at a level cf -80 dB
sound pressure level via Siemens MR-compatible pneumatic sound
transmission headphones. Stimuli were presented in a pseudo-randomized
order using Media Control Functions software (MCF, Digivox, Montreal,
Canada). There were two runs, each with a total of 136 trials and three
conditions: pitch (with 16 trials for the fixed pitch level, and 8 trials for each cf
the other six levels), time (with seven levels and eight trials per level), and a
baseline condition of silence (with sixteen trials). Each run lasted 25 minutes.
A long inter-acquisition time of 10 seconds was used in order to minimize the
noise-artifact from the scanner on the participants’ ability to hear the stimuli.
This also serves to avoid scanner noise contamination of the BOLD response
on the stimuli in the auditory cortices (Belin et aI., 1999). Each acquisition
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Iasted 2 seconds, and the stimuli were presented 0.4 seconds after each one.
A schematic of the scanning paradigm is shown in Figure 2.
-insert Figure 2 about here -
fMRI parameters and analysis
Scanning was performed on a Siemens (Erlangen, Germany) Vision 1.5 T
MRI scanner at the Montreal Neurologicai Institute. A high resolution Ti
weighted anatomical scan was obtained for anatomical localization for each
subject [echo time (TE), 9.2 ms; repetition time (TR), 22 ms; matrix size, 256
x 256; voxel size, 1 x 1 x 1 mm], foliowed by two series of 136 T2* gradient
echo-pianar images. A headcoil was used to obtain 20 interieaved suces
spanning the whoie brain, and oriented along the Sylvian fissure (TE, 50 ms;
TR, lOs; matrix size, 64x64; voxel size, 5x5x5 mm).
In-house software (Coliins et ai., 1994) was used in the pre-processing of the
BOLD images. The images were first spatially smoothed using a 12 mm full
width at hait-maximum Gaussian blurring kernel, corrected for motion and
then were iineariy transformed into standard stereotaxic space corresponding
to the MNI/Taiairach tempiate (Coilins et ai., 1994). Next, statistical analysis
based on a general linear model with correiated errors (Worsiey et ai., 2002)
was pertormed on the BOLD data. First, the stimulus conditions were set up
in a design matrix corresponding to each acquisition. Second, the linear
model was solved for, yielding the effects, standard deviations and t-statistics
for each contrast, for each individual run. Next, the two runs for each subject
were combined using these effects and standard deviations. These resuits
were then combined yieiding group statistical maps for the amusics (ail 9
subjects) and the controls (ail 9 subjects). Four t statistic subtraction images
were generated for each group. As a controi contrast, ail pitch conditions
were summed and compared to silence. The contrasts of au pitch-variation
C conditions relative to fixed pitch, and fastest temporal rate reiative to fixed
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pitch, were perormed in order to isolate the brain areas responsive to
changing pitch information, and temporally changing pitch information,
respectively. The fastest temporal rate condition was compared to the
slowest one so as to provide a more precise contrast of the brain areas
implicated in the temporal dimension of rapidly changing pitch information. In
addition, covariate analyses considering the BOLD response across the pitch
distances and the temporal rates, respectively, were performed on these data
within each group to investigate which brain areas showed activity that
correlated in a linear fashion with increasing changes in pitch or temporal
rate. Finally, the same subtraction and covariate analyses were perlormed
between-groups to compare patterns of BOLD activity between amusics and
cont rois.
A minimum threshold for statistical significance for the subtraction and
covariation analyses was computed according to the random field theory,
which corrects for the multiple comparisons involved in searching across a
volume (Worsley et al., 2002). We f irst employed a whole-brain statistical
threshold of t = 5.0 for the within-group, and t = 4.7 for the between-group
analyses, both at P < 0.05 (corrected for multiple comparisons). In addition,
we used a region of interest (ROI) approach since we expected to find
differences in BOLD activity between groups specitically in the auditory
cortices. An ROI including the primary auditory cortex (Heschl’s gyrus: HG)
and the planum temporale (PT) were defined bilaterally with the use of prior
anatomical probability maps of these regions (Penhune et al., 1996; Westbury
et al., 1999). The ROI had a volume of about 9401 mm3 and the threshold of
significance was t = 3.5 for the within-group, and t = 3.4 for the between
group analyses, each at P < 0.05 (corrected for multiple comparisons).
Results
Con trot con trast
In both the amusic and control groups, comparing ail conditions relative to a
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Q baseline of silence showed an increased BOLD response bilaterally in HG,and extensive bilateral activation ot secondary auditory areas throughout the
superior temporal gyri (STG) (Table 2). These results were present in the
same areas in each individual subject, in each group.
-insert Table 2 about here -
Pitch resuits
The contrast of aIl pitch-variation conditions relative to fixed pitch revealed an
increased BOLD response bilaterally in the PT in the control group (Table 2;
Fig. 3 A, left side). For the same contrast, the amusic group showed similar
results as controls (Table 2; Fig. 3 A, right side). There were no significant
areas of BOLD decreases. The covariation analysis considering the BOLD
response across ail seven pitch distances, yielded bilateral activation of the
PT in the control group (Table 2; Fig. 3 A, left side). Again, the amusic group
showed similar results as controls (Table 2; Fig. 3 A, right side). The results
f rom the subtraction and covariation analyses were present in the same areas
in each individual subject, in each group.
In order to investigate the ¾ BOLD signal change (as compared to silence)
across ail pitch distances, we extracted the BQLD signal at both the right and
left PT peaks in each group. Controls showed a significant positive linear
trend of increasing BOLD response with increasing pitch distance, at both
peaks (Fig. 3 B, left side). Amusics showed the same trend in similar regions
bilaterally (Fig. 3 B, right side). For both controls and amusics, there was no
significant difference in the average slope of the BOLD signal change
between the left and right peaks (Fig. 3 C).
Relative to controls, the amusics showed more extensive increased BOLD
activation in anterior STG regions bilaterally, and in the right HG for the pitch
o
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contrast and pitch covariation. However, this was flot significant in the
between-group analysis.
-insert Figure 3 about here -
Time resuits
For the contrast of fastest temporal rate relative to f ixed pitch, the control
group showed an increased BOLD response in bilateral auditory areas
(including the left HG and the right PT), with a left-weighted lateralization
(Table 2). The amusic group also showed bilateral activation ot HG, but did
not show the left-weighted asymmetry as controls (Table 2). For the contrast
of fastest relative to slowest temporal rate, the controi group showed an
increased BOLD response bilaterally in HG, with a lett-weighted asymmetry
(Table 2; Fig. 4 A, left side). Again, the amusic group showed bilateral
activation of HG, but flot the left-weighted asymmetry as controls (Table 2;
Fig. 4 A, right side). There were no significant areas of BOLD decreases. In
the control group, a covariation analysis involving ail temporal rates yielded
bilateral activation principally in HG and some secondary auditory areas, with
a left-weighted lateralization (Table 2; Fig. 4 A, left side). The amusic group
aiso showed bilateral activation in the HG and secondary auditory areas, but
did not show the same left-weighted lateralization as controls (Table 2; Fig. 4
A, right side). The results f rom the subtraction and covariation analyses were
present in the same areas in each individual subject, in each group.
In order to investigate the ¾ BOLD signal change (as compared to silence)
across ail temporal rates, we extracted the BOLD signal at both the left and
right HG peaks in each group. Both controls and amusics showed a positive
linear trend of increasing BOLD response with increasing temporal rate at
both peaks (Fig. 4 B). However, only controls showed a stronger linear trend
in the left HG as compared to the right HG. In addition, only the controls
showed a larger average slope of the BOLD signal change in the left HG as
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compared to the right HG, though this difference was flot quite significant
(Fig. 4 C, Ieft side). In contrast, the amusic group did flot show this Ieft
weighted tendency (Fig. 4 C, right side).
-insert Figure 4 about here -
The between-group analysis for the contrast of fastest temporal rate minus
f ixed pitch confirmed the within-group findings in revealing that controls had a
significantly stronger BOLD activation relative to amusics in the left HG (Fig. 5
A Ieft). The contrast of fastest relative to slowest temporal rate yielded
consistent findings, though slightly below the ROI significance threshold (Fig.
5 A middle). The between-group analysis for the time covariation also
confirmed the within-group findings, in revealing that controls had a stronger
linear trend of the BOLD signal over ail temporal rates relative to amusics in
the left HG, though slightly below the ROI significance threshold (Fig. 5 A).
Moreover, a significant difference emerged when comparing the average
siope of the BOLD signal data between groups for the Ieft HG peak, but not
for the right HG peak (Fig. 5 B).
-insert Figure 5 about here —
Discussion
As expected, controls showed bilateral activation of the PT in
processing the pitch variations. These resuits are consistent with recent
neuroimaging findings of bilateral PT activation in the processing of sound
stimuli containing regular spectrotemporal modulations (Langers et al., 2003)
and in the analysis of sequences of pitch and acoustic spatial locations
(Warren and Griffiths, 2003). However, we expected to find a right
hemisphere asymmetry of auditory activation based on more similar studies
C of pitch processing, where the right auditory cortex was preferentiaiiy involved
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in processing pitch variations in similar melodic tonal sequences (Zatorre and
Belin, 2001; Hyde et al., 2003), or noise-like stimuli (Patterson et al., 2002;
Schônwiesner et al., 2005). Moreover, in the present study, both the left and
right PT were more responsive with increasing pitch distance within the
melodic sequence. This linear trend may be explained by the idea that
increasing the pitch distance resuits in a broader spectrum, which in turn
activates a greater number of auditory neurons that are organized in a
tonotopic fashion in both the left and right auditory cortices (Formisano et al.
2003; Talavage et al., 2004), and thus lends to a stronger BOLD signal.
However, we expected this linear trend to be stronger in the right hemisphere
relative to the left, based on findings f rom a recent fMRl study from our
laboratory that investigated pitch pattern perception in musically-intact
listeners using similar melodies as used here (Hyde et al., 2003). In the Hyde
et al., 2003 study, the BOLD signal increased as a function of increasing pitch
distance specifically in the right PT, but flot on the left. We interpreted these
results as being due to the fact that right auditory cortical neurons are sharply
tuned, and thus respond to the fine pitch changes, whereas neural
populations on the lett side have a coarser tuning function, and thus respond
to larger pitch changes, but are minimally sensitive to small pitch changes
(Liegeois et al., 2001; Hyde et al., 2003).
The finding that controls did flot show the same right auditory asymmetry in
response to the pitch changes as found in the Hyde et al., 2003 study, may
be explained by the fact that the controls tested here (age range: 46-62
years) were significantly older (P < 0.001) relative to the University students
tested in the Hyde et al., 2003 study (age range: 21-36 years), and that older
adults typically exhibit reduced cortical asymmetry (Carbeza 2002, 2004). lt
has been suggested that older adults counteract age-related neural decline
through a functional compensation process, whereby, with diminished activity
of the principal hemisphere, the opposite hemisphere becomes responsive,
and thus results in a reduced cortical asymmetry (Carbeza 2002, 2004). Age-
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related asymmetry reductions have been principally demonstrated in the
prefrontal cortex in memory tasks (Carbeza 2004), but also in temporal and
parietal brain regions, as evidenced by functional neuroimaging studies of
face encoding (Grady et aI., 2000; 2002), and inhibitory control (Nielson et al.,
2002). Thus, it is possible that in the present study, a neuroplastic
reorganization occurred whereby, with diminished activity of the right PT in
response to the pitch variations, there was an increased involvement of the
left PT, resulting in a more bilateral pattern of auditory brain activation.
Given the evidence that congenital amusia is principally a pitch-based
disorder (Hyde and Peretz, 2004; 2005), it was surprising to see that amusics
showed a similar pattern ot bilateral auditory activation as controls in
processing the changing pitch sequences. However, these resuits are
consistent with the findings from the VBM (Hyde et aI., 2005) and ERP
studies (Peretz et aI., 2005) of the amusic brain, which did not reveal any
neural anomaly in the auditory cortices of amusics. It is possible that there is
a subtle difference in auditory cortical regions in the amusic brain that we
have not been able to detect with these techniques. The present fMRI data,
along with the VBM and ERP studies, suggest that the most salient pitch
based neural anomaly in the amusic brain lies outside the auditory cortex.
Most of the research into congenital amusia to date has been concentrated
on pitch processing, given that the condition has been found to primarily be a
pitch-based deficit. Consequently, there has been less focus on the temporal
aspects of this condition. To our knowledge, no study has specifically
investigated how amusic individuals process temporally changing pitch
information. In the present study, amusics showed bilateral activation as
musically-intact controls, principally in the primary auditory cortex, in
response to changing pitch information when presented at various temporal
rates. Moreover, these regions were more responsive with increasing
C temporal rate. However, while activation was weighted to the left auditory
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cortex in controls, the amusics did flot show this Ieft-hemisphere asymmetry.
These fMRI data reveaied that amusics do flot have the same specialization
of the ieft auditory cortex for rapid temporal processing as found in normal
listeners (Zatorre and Belin, 2001; Schônwiesner et aI, 2005). These imaging
data suggest that amusics do flot process temporaiiy changing pitch
information in the same way as controls. We hypothesized that this
difference in brain activation was a neural marker reflecting that amusics may
have problems to capture fine pitch changes when they are presented rapidly.
We discuss this idea in detail in the general discussion (foliowing study 2).
Study 2: Behavioral experiment
Materials and Methods
Subjects
Six of the nine amusic subjects, and seven of the nine controls that
participated in the fMRI study, were tested in the behavioral experiment. The
remaining subjects were not available for testing.
Stimuli
Stimuli were tifteen different isolated pure-tone pairs that were parametricaliy
modified in terms of pitch distance between tones and temporal rate, as in the
fMRI study. There were three different tone pairs corresponding to three pitch
distances between tones (from smaliest to Iargest): 50, 100, and 200 cents.
On haif of the trials the pitch changes were presented in the ascending
direction, and on the other haif, descending. Each ot these tone pairs was
presented at each of five temporal rates with tone duration (from slowest to
fastest): 367, 183, 91, 45, 22 ms. The tone pairs were presented sixteen
times each, for a total of 240 trials. Ail tones were generated using MITSYN
software (Henke, 1976).
C
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Ail subjects were tested with the same stimuli, in two separate conditions, In
a direction condition, subjects had to decide whether the final pitch cf the tone
pair went up’ or ‘down’. In a discrimination condition, subjects had to decide
whether the two tones were the ‘same’ or ‘different’. In both conditions,
subjects responded by a button press, Ieft for ‘up’ or ‘different’ and right for
‘down’ or ‘same’. The order of conditions was counterbalanced across
subjects and each condition Iasted about 15 minutes. Stimuli were presented
in a random order via Media Control Functions (MCF, Digivox, Montreal,
Canada). Subjects heard stimuli binaurally through headphones at a level of
-80 dB sound pressure level.
Results
In the direction condition, controls performed better at larger pitch distances,
and increasingly better with slower temporal rates (Fig. 6 A). In contrast,
amusics peilormed at chance when computing the average score over ail
temporal rates at each cf the three pitch distances: at 50 cents [t (5) = 1 .43, P
= 0.211, 100 cents [t(5) = 1.94, P= 0.11], and 200 cents [t(5) = 2.29, P=
0.07] (Fig. 6 A).
In the discrimination condition, controis again performed better at larger pitch
distances, and increasingiy better with siower temporal rates (Fig. 6 B). Whiie
amusics showed this same trend as controis, overaii, they do flot perform as
weii (Fig. 6 B). A 2 (groups) by 3 (pitch distance) by 5 (temporal rate)
repeated measures anaiysis of variance (ANOVA) revealed that controls
performed better than amusics overaii with a sigflificant group effect [F (1, 11)
= 8.8, P < 0.05]. Whiie there were no significant interactions invoiving pitch
distance, there was a significant interaction between temporal rate and group
[F (4, 44) = 7.5, P < 0.001]. This is explained by the fact that controls perform
better than amusics over aIl three pitch distances, at ail temporal rates,
C except for at the siowest temporal rate cf 367 ms. Amusics match control
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performance at this rate, at ail pitch distances: at 50 cents (t (11) = 1 .09, P =
0.30), 100 cents (t (11) = 0.14, P = 0.89), and 200 cents (t (11) = 0.81, P =
0.43). Given that the sample sizes were reiatively small, non-parametric
Mann—Whitney U tests were also performed on these data, and yielded the
same pattern of resuits.
-insert Figure 6 about here —
Discussion
The chance performance of amusics on the pitch direction task is in contrast
to that of controis who perform as expected from findings in normais in a
simiiar task (Gougoux et aI., 2004). The amusics’ poor performance on this
pitch direction task is consistent with previous psychophysicai findings
(Foxton et ai., 2004) that they have a severe deficit in pitch direction
judgments. In the pitch discrimination task, amusics perform worse than
controls, except at the slowest temporal rate of 367 ms, where they match
controi performance. Task difficuity is flot an issue since amusics couid
detect even fine pitch changes (50 cents) as controls at this temporai rate.
This finding was unexpected given that amusics have previousiy been shown
to have probiems to discriminate pitch changes of 50 cents (Hyde and Peretz,
2004). However, in contrast to the tone-pairs used here, Hyde and Peretz
(2004) empioyed a tive-tone sequence. Thus, it is possible that amusics find
it easier to discriminate fine pitch distances (i.e. 50 cents) in the context of
tone pairs. In addition, the tempo used here ot 367 ms is siightly longer than
the tempo used in Hyde and Peretz (2004) of 350 ms, which may facilitate the
pitch judgment.
The tinding that amusics match controi performance at the particuiar temporai
rate 0f 367 ms is key since this suggests that amusics are impaired reiative to
controls when pitch changes are presented rapidiy, up to a certain tofle
duration threshold. Over roughiy 80% of Western music has a tempo within
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the range 0f 370 — 740 ms per note (Moleants et al., 2002, 2003). This tempo
range is also consistent with the pioneer work of Fraisse on preferred tempo
in music (Fraisse, 1982). However, pitch changes in a musical context can
often range f rom 150— 1000 ms per note (Warren et aI., 1991). The present
data show that amusic individuals have problems to perceive even evident
pitch changes (i.e. at 200 cents) at temporal rates that can be musically
relevant. Thus, we suggest that the deficit seen here may contribute in part to
the amusics musical problems.
In the stimuli used here, the pitch change and temporal rate within each
melodic pattern were constant. However, in a true musical context, both pitch
and temporal information fluctuate over time. Thus, one may expect that
amusics would have even greater problems to discriminate similar pitch
changes in a musical context. Support for this idea comes from findings that
a majority of amusics have problems to synchronize with a musical beat
(Dalla Bella and Peretz, 2003), and that a proportion of amusics were
impaired in the discrimination of a rhythmic change in terms ot temporal
groups between two melodies (Peretz et al., 2003). However, more recent
findings have shown that amusics were spared in the ability to detect a slight
rhythmic break (or pause) in a melody (Hyde and Peretz, 2005). These
tindings reflect that a subset of amusics are impaired in certain aspects of
musical rhythmic processing, and a subset are spared. Nonetheless, the
present behavioral resuits showed that every amusic subject had problems to
discriminate pitch changes when they were presented rapidly. We offer
possible explanations to account for the amusics’ temporal pitch deficit in the
following section.
General discussion:
One way to explain the temporal pitch deficit seen here in amusics is to
C consider that pitch and time are processed by independent systems.
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Evidence in favor cf this notion cornes from lesion studies of cases cf
irnpaired pitch but intact rhythmic processing (e.g. Peretz, 1990; Piccirilli et
al., 2000, Murayarna et al., 2004), as well as the reverse case of impaired
rhythmic but spared pitch processing (e.g. Brust, 1980; Mavlov, 1980; Di
Pietro et al., 2004). Further support cornes from the theory of relative
hemispheric specialization where the auditory system developed two
independent but complementary systems - one in each hemisphere - where
right auditory cortical structures appear to be specialized for spectral
processing, and left auditory regions for rapid temporal processing (Zatorre et
al., 2002). If it is assumed that there is a fixed amount of cognitive and neu rai
resources available for general auditory processing, and that enhanced
processing of one dornain (whether pitch or time) wiiI corne at a cost to the
other, it is plausible to expect a relative trade-off in terms of the allocation of
resources for both pitch and time processing. For example, if the temporal
parameter becornes more demanding (in this case, in terms of increased
temporal rate), then this will necessarily diminish the amount of resources
remaining for accurate pitch processing. Such a shift in resource allocation
rnay explain why the musically-intact individuals in our study, and other
studies (Hartmann et al., 1985; Gougoux et al., 2004), had difficulty to detect
even obvious pitch changes (i.e. at 200 cents) when they are presented at
faster speeds. In the case of amusic individuais, this deficit is greatly
amplified relative to normal listeners, most Iikeiy due to the fact that amusics
have a pre-existing irnpaired pitch processing system, even prior to adding
temporal complexity.
The hypothesis cf a shift in resource allocation seems plausible to account for
the amusics temporal pitch deficit, however, the concept of a ‘resource’
remains unspecified. Moreover, in contrast to the view that pitch and time are
processed independently, other evidence shows that both dimensions are
processed by common neural mechanisms. For example, both left and right
C brain-damaged patients have shown simultaneous melodic and temporal
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deficits (Schuppert et aI., 2000), and recent PET data in normai iisteners
revealed similar patterns of biiaterai activation in the processing cf pitch and
duration patterns (Griffiths et ai., 1999). Peretz and Kolinsky (1993) offered a
concensus to this issue by proposing that melody and rhythm are processed
independentiy up to a certain point, after which there is an integration of these
two dimensions at a unified stage of processing. This theory serves weil to
interpret the present resuits. From this perspective, it is possible that the
amusics severe deficit in the pitch domain would cause a disturbance in the
system that integrates pitch and time information, and subsequently
compromise normai temporal processing. Thus, as we have previously
suggested (Peretz and Hyde, 2003; Hyde and Peretz, 2004), amusics would
flot be able to apply normai specialized fine temporal anaiysis as a cascade
effect of their deficits in both pitch distance and direction. The idea that pitch
distance, direction and rhythmic information may be processed within an
integrated system at some level, and thus necessarily interact, is supported
by findings that tempo judgments of melodies are infiuenced by variations in
terms of pitch distance, pitch direction, and rhythmic accent structure (Boltz,
1998). This helps to explain why amusics have no problem to discriminate
slight temporal changes in an isochronous and monotonic tone sequence
(Hyde and Peretz, 2004), but are unabie to discriminate changes in pitch
when stimuli vary in terms cf pitch distance, direction and time changes, as in
the present study.
lnterestingly, the amusics’ deficit in processing rapidiy changing pitch
information seen here appears to be iimited to the musical domain, since
previous findings have shown that amusics are spared in processing pitch
changes in speech (Ayotte et ai., 2002). This s counter-intuitive given that
rapid temporally processing s key in speech perception (see Zatorre et al.,
2002 for a review). However, pitch variations in speech are very coarse as
compared to those used in music. For example, the final pitch rise that
ç signais a question is typicaliy larger than 7 semitones in both French and
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English (e.g. Fitzsimons, Sheahan & Staunton, 2001), while most music
across cultures are constructed with pitch variations in the order cf 1 to 2
semi-tones (Vos and Troost, 1989). Thus, a temporal pitch deficit may
exclusively compromise music perception and spare speech processing due
to the tact that pitch changes used in music are more fine-grained and
amusics cannot discriminate these small pitch changes, whereas they can
discriminate the much larger pitch changes used in speech.
Summary and conclusion
The present work constitutes the first tMRI investigation cf the neural
correlates of pitch and time discrimination in congenital amusia. Contrary te
expectation, amusics exhibited a similar pattern of BOLD activation as
controls in the processing cf changing pitch information. These results
converge with other findings suggesting that the most salient pitch-based
neural anomaly in the amusic brain lies outside the auditory cortex. In
contrast, amusics did not show the same lett-hemisphere auditory asymmetry
as controls in the processing of temporally changing pitch information. We
reasoned that these imaging data reflected that amusics may have problems
to capture pitch changes when they are presented rapidly. Resuits from a
subsequent behavioral experiment confirmed this hypothesis. We interpret
these results as amusics having a more complex deficit than initially thought,
involving pitch distance, pitch direction, and temporal resolution. Thus, we
have found a brain and corresponding behavioral correlate cf a deficit in the
processing ot temporally changing pitch information in amusics. We suggest
that such a deficit may in part account for the musical problems seen in
congenital amusia. It remains for future studies to further investigate the
nature of this temporal pitch deficit.
o
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Table 1:
Characteristics Amusics (n:9) Controls (n:9) t-test
Age in years 56.7 (7.0) 53.1 (5.9) n.s.
Gender 7F, 2M 5F, 4M
Education in years 16.0 (1.3) 16.0 (2.0) n.s.
Musical battery (MBEA) 64.2 (5.9) 88.4 (6.6) P <0.001
Pitch discrimination* 77.3 (8.4) 99.5 (0.4) P < 0.001
lime discrimination* 71.7(2.5) 74.8 (1.6) n.s.
Characteristics of participants, percentage global score (averaged over six
tests) on Montreal Battery of Evaluation of Amusia (MBEA), percentage of
correct responses on pitch and time discrimination tasks (averaged over 360
trials), and significance levels on corresponding t tests. Standard deviations
are in parentheses. *Scores are averaged over n=7 amusic subjects and n=6
controls.
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Table 2:
Contrast Controls (:9) JDusics (n:9)
_______________________________________________
Reglonotpeak BA x y z t Regionotpeak BA x y z t
Ail conditions
- baseline ot silence
R HG 41 44 -30 16 5.5 R HG 41 40 -30 12 8.3
R anteor STG 42 60 -8 2 4.7
R anteor STG 42 66 -8 2 4.7
R PT 42 64 -26 12 4.3 R PT 42 66 -28 14 6.6
LanteriorSTG 42 -70 -6 4 3.7 L PT 42 -64 -16 2 5.1
L PT 42 -50 -14 4 5.9
LHG 41 -36 -30 16 3.7 LHG 41 -38-32148.4
Ail pitch-vanation conditions. fixed pitch
LPT 42 -64 -26 8 3.8 LPT 42 -54 -24 8 4.0
R PI 42 62 -18 0 3.6 R anterior 51G 42 58 -8 6 4.5
L PI 42 -50 -24 6 3.5 L PI 42 -50 -28 10 4.0
L PI 42 -56 -12 4 3.7
L anterior 51G 42 -58 0 -2 3.5 L anterior SIG 42 -56 -6 4 3.9
L anteor 51G 42 -56 -6 14 3.8
RHG 41 44-30103.6
Pitch covanation
R PI 42 56 -12 4 3.5 R PI 42 60 -18 8 8.2
L PI 42 -56 -26 103.4 L PI 42 -54 -14 6 5.7
L HG 41 -44 -30 8 6.7
Fastest temporal rate - flxed pitch
L HG 41 -48 -22 6 5.1 L HG 41 -44 -32 6 3.8
R PI 42 56 -18 6 3.3 R HG 41 48 -28 8 5.5
Fastest- slowest temporal rate
LHG 41 -44-20 4 4.1 LHG 41 -44 -28 12 3.1
RHG 41 40 -26 14 3.2 RHG 41 48 -24 8 4.1
RPI 42 66-12 2 5.1
L PI 42 -56 -16 0 3.3
lime covariabon
LHG 41 44-22 6 5.3 LHG 41 -44 -28 106.9
LHG 41 -48 -18 8 5.3
LposteriorSlS 21/22 -40 -32 18 4.3 LPT 42 -56 -16 05.7
R antedor SIG 42 42 -8 4 4.1 R PI 42 60 -14 0 5.6
R HG 41 42 -26 14 4.0 R HG 41 50 -22 6 6.0
FMRI results for within-group analyses for amusics and controls. For each
peak, the brain region and the corresponding Brodmann area (BA) are given.
The stereotaxic coordinates of the peak activations are given according to
Talairach/MNI space, as well as the t-value. For the subtractions, a positive t-
value reflects an increased BOLD response, and for the covariations, it
reflects a positive linear trend of the BOLD signal as a tunction of either
increasing pitch distance or temporal rate. Resuits are significant at P < 0.05
(corrected) at t > 5.0 for a whole-brain volume, and t > 3.5 for the ROI
volume. L, left; R, right; HG, Heschl’s Gyrus; PT, Planum Temporale; STG,
o superior temporal gyrus; STS, superior temporal sulcus.
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Figure iegends:
Figure 1: Schematic of a pitch pattern used in the fMR1 study.
Figure 2: Schematic of the fMR1 scanning paradigm showing the three
conditions, pitch, temporal rate, and baseline of silence (in no particular order)
(adapted from Belin et aI, 1999).
Figure 3: fMRI resuits for the pitch conditions, within-group analyses, for
controls and amusics. In A), are the results for the pitch variation - f ixed pitch
contrast, and the pitch covariation superimposed on the average anatomical
MRI of the corresponding group. Images are shown as horizontal sections
and yellow arrows point to the left and right PT in each brain image. In the
contrast image, these right and left peaks reflect areas of increased BOLD
activation, and in the covariation image, these peaks reflect areas with a
positive linear trend of the BOLD signal with increasing pitch distance. These
peaks were signiticant at P < 0.05 (corrected) at the *ROI threshold (see
Table 2 for corresponding t-statistics and stereotaxic coordinates). In B), are
the significant positive correlations of BOLD signal change as a function of
increasing pitch distance at the left and right PT peaks and corresponding
Pearson r values. In C) are the average slopes of the BOLD signal at the Ieft
and right PT peaks.
Figure 4: fMRl results for the time conditions, within-group analyses, for
controls and amusics. In A), are the resu Its for fastest - siowest temporal rate
contrast, and time covariation superimposed on the average anatomical MRI
ot the corresponding group. Images are shown as horizontal sections and
yellow arrows point to the left and right HG in each brain image. In the
contrast image, these right and left peaks reflect areas of increased BOLD
activation, and in the covariation image, these peaks reflect areas with a
Q positive linear trend of the BOLD signai with faster temporal rates. These
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peaks were significant at P < 0.05 (corrected) at the *ROl threshold and the
**wholebrain threshoid (see Table 2 for corresponding t-statistics and
stereotaxic coordinates). In B), are the positive correlations of BOLD signal
change as a function of increasing temporal rate at the Ieft and right HG
peaks and corresponding Pearson r values. In C) are the average siopes of
the BOLD signal at the left and right HG peaks.
Figure 5: fMRI resuits for the time conditions, between-group analyses
considering amusics — controls. In A), are the results for the contrasts of
fastest temporal rate — fixed pitch, the fastest — slowest temporal rate
contrasts, and time covariation, superimposed on the average anatomical
MRI of ail subjects. Images are shown as horizontal sections and the yellow
arrow in ail images points to the left HG peak. In the contrast images, at this
left HG peak, controls had stronger BOLD activation relative to amusics [* <
0.05 (corrected) at ROI thresholdJ. In the covariation image, at this left HG
peak, controls had a stronger linear trend of the BOLD signal over ail
temporal rates relative to amusics. In B) are the average slopes of the BOLD
signal for controls versus amusics at the Ieft and right HG peaks.
Figure 6: Behavioral results for pitch-tempo direction (A) and discrimination
(B) conditions for controls and amusics. Percentage correct for each pitch
level (P) in cents, at each temporal rate (T) in ms (trom slowest T of 367 ms
to fastest T of 22 ms). Error bars correspond to standard error.
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Summary
Congenital amusia (or tone-deafness) is a lifelong disability that prevents
otherwise normal functioning individuals f rom developing basic musical skills.
Behavioral evidence indicates that congenital amusia is due to a severe
deficit in pitch processing. The neural correlates cf this condition are
presently unknown. Here, voxel-based morphometry (VBM) was used to
detect brain anatomical differences in amusic individuals relative to musically
intact controls, in two independent samples of subjects. The resuits were
consistent across samples in highlighting a reduction in white matter
concentration in the right inferior frontal gyrus of amusic individuals. This
anatomical anomaly was related to pitch-based musical tasks. Thus, the data
point to the integrity cf white-matter tracts in right frontal brain areas as being
key in acquiring normal musical competence.
o
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Introduction
Human societies have aiways produced and enjoyed music, but about tour
percent of the generai population is flot abie to do so (Kaimus and Fry, 1980).
These individuais are likely afflicted with congenital amusia (Peretz & Hyde,
2003). This condition is characterized by impairments that are specific to the
perception and production of music. Amusic persons are unabie to recognize
familiar tunes, and are unaware when they sing ‘out-of-tune’, but have normal
neurological history, audition, education, intelligence and memory fAyotte et
aI, 2002). Collective behavioral evidence indicates that a severe and specific
deticit in the sequentiai processing of pitch information is at the root of
congenitai amusia (Ayotte et ai, 2002; Hyde and Peretz, 2004; Foxton et ai,
2004). The neurai correiates ot this condition are presently unknown.
in order to uncover structurai brain differences in amusics relative to
musicaiiy-intact controis, we used voxei-based morphometry (VBM). VBM is
a computerized, automated procedure that aiiows one to search throughout
the whoie brain on a voxei-wise basis for difterences in local concentration of
brain tissue between groups (Ashburner and Friston, 2000). This technique
has been effective in revealing brain abnormalities in a number of
deveiopmentai disorders, including speech disorders (Watkins et ai, 2002),
dysiexia (Vinckenbosch et ai, 2005), and autism (Boddaert et ai, 2004).
Here, we appiied VBM in two independent samples, with T1-weighted
magnetic resonance images (MR1) obtained in Montreai (Canada) and in
Newcastle (U K). We used a hypothesis-generating / testing approach across
the Montreai and Newcastie sampies since we couid flot merge the data due
to inherent cross-scanner incompatibilities (Ashburner and Friston, 2000).
The Montreal sampie, comprised of 13 amusic adults (mean age 56, SD 11
years) and 22 controis (mean age 55, SD 6 years), was the primary sampie
C from which we generated hypotheses since t was the f irst sampie to
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anaiyzed. These hypotheses were then tested in the Newcastle sample,
comprised of 8 amusics (mean age 54, SD 12 years) and 7 controls (mean
age 54, SD 5 years). Ail amusic subjects had been thoroughiy evaluated on
previous testing sessions fAyotte et aI, 2002; Foxton et ai, 2004), and
identical criteria were used for subject selection in both samples.
Ail amusics had normal intellectual, memory and ianguage skiNs, but were
impaired relative to normai controls on the Montreai Battery of Evaluation of
Amusia (MBEA; Peretz et aI, 2003). Subjects were considered amusic if their
global score on the MBEA was below the cut-off score determined in a
previous validation study (Peretz et ai, 2003). Here, the MBEA also served to
relate brain anatomy to performance. The battery involves six tests. One test
evaluates the sense cf meter, and the final test is one of recognition memory.
The other four tests assess discrimination. Three of these assess the ability
to discriminate melodic changes (that violate key, pitch direction or pitch
distance) and one tests rhythmic discrimination (by changing temporal
grouping). Both the melodic and rhythmic tests use a “same-different”
discrimination task, with the same set cf novel but conventional sounding
music. As can be seen in Figure 1, ail amusic participants were severely
impaired relative to controls on the melodic tests while about haif of them
showed normal performance on the rhythmic test. This is consistent with
findings showing that congenitai amusia s largely a pitch-based condition
(Hyde and Peretz, 2004; Foxton et ai, 2004).
Ail the amusic and matched control individuais were scanned in a 1 .5 Tesla
MR scanner at their respective site, but with the same acquisition parameters.
We carried out three different types of analyses on both the Montreal and
Newcastle MRI data. First, we performed a group comparison te identify
brain regions that differed in terms of white matter (WM) or grey matter (GM)
concentration between amusics and controls. We next performed
C correlational analyses te detect brain regions where WM concentration
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correlates with performance on the musical tests cf the MBEA. Given that
each test of the musical battery assesses a different aspect of music
processing, and that there exists some variability in performance, we
considered each test separately. Lastly, in order to specify the common
areas ot WM differences across the samples and analyses, we performed
conjunction analyses by spatially overlapping the thresholded results t rom the
two samples for the group and correlational analyses. This analysis is
independent of the order in which the samples are considered since it is a
logical “AND” operation.
Results and Discussion
The results f rom the group comparison in the Montreal sample yielded four
candidate brain regions where amusics showed less WM than controls.
Three cf these regions were found in the right inferior frontal gyrus (IFG), and
one in the left IFG. However, only one cf these regions, corresponding te the
pars orbitalis cf the right IFG in the vicinity cf Brodmann areas (BA) 47 and 1 1
(t = -2.7, P <0.05, uncorrected), was significant in the Newcastle sample [t = -
5.7, P < 0.05, corrected at VOl 20,261 mm3)] (Figure 2a, left and middle
panels). There were no other significant peaks in the Newcastle sample.
There were also candidate peaks cf increased concentration cf WM in the
Montreal sample. However, none cf these were confirmed in the Newcastle
sample. Thus, these peaks most likely correspond to false positives and are
not reported here. There were no significant peaks cf increased WM in the
Newcastle sample alone.
As in the group comparison, the vcxel-based correlations with WM
concentration and performance on twc musical tests in the Montreal sample,
revealed the same rIFG region. WM concentration in this region was
positively correlated with bcth the melodic key-violation test (t = 2.4, P <0.05,
uncorrected; Figure 2b, left panel), and with the memory test (t = 2.8, P <
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0.05, uncorrected; Supplementary Figure lb, Ieft panel), but flot with the other
four musical tests. The same analyses in the Newcastle sample confirmed
the positive correlation of WM concentration in the rIFG with both the key
violation test (t = 6.6, P <0.01, corrected at VOl 8,807 mm3; Figure 2b, middle
panel), and the memory test (t = 4.1, P <0.05, corrected at VOl 1215 mm3;
Supplementary Figure lb, middle panel). There were no other significant
peaks in the Newcastle sample in any of the musical test correlations. To
illustrate this relationship between brain morphometry and behavior, we
plotted the WM concentration obtained at the rIFG peak for each subject as a
function of their behavioral scores on the key-violation and memory tests. As
shown in Figure 2c, WM concentration increased with increasing performance
score on the key-violation test, in both the Montreal (r = 0.4, P < 0.05) and
Newcastle samples (r = 0.74, P < 0.05). This was also true in the memory
test (r = 0.4 and 0.75, P < 0.05, for the Montreal and Newcastle samples,
respectively; Supplementary Figure lc).
The conjunction analyses revealed that the rIFG region was common to both
samples within three millimetres along the x, y, and z planes, respectively.
The striking convergence of this result across samples can be seen for both
the group (Figure 2a and Supplementary Figure la, right panels) and
correlational analyses (Figure 2b and Supplementary Figure lb, right panels),
as well as across these analyses (Figures 2d and Supplementary Figure lu).
In order to further specify where the conjunction occurs relative to the regions
delineated in each sample, we quantified what proportion the conjunction
represents relative to the total area in each sample. The conjunction
represents 34% of the Montreal sample area, and 19% of the Newcastle area
(Figure 3). Thus, the conjunction is flot merely an edge artifact of the regions
defined independently in each sample.
The VBM results for the WM differences were clearly consistent across
samples in pointing to a significant decrease in WM in the rIFG of amusic
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individuals. An analysis of GM revealed concentration differences in
approxirnately the same brain regions as the WM differences, but in the
opposite direction. Such an inverse relationship between WM and GM is
typically found in brain regions in which WM and GM tissues are in close
proximity, as in the cortex. This is primariIy due to the partial-volume effect
where a given voxel may contain both WM and GM (Ashburner and Friston,
2000). In the present study, we propose that the rIFG peak more likely
corresponds to WM given its neuroanatomical location in terms of its depth
(along the z-plane) (Duvernoy, 1991), and that deeper brain structures
typically consist of WM.
Support for this interpretation cornes trorn a functional perspective. Several
prior studies conducted with musicaiiy normal subjects have identified right
inferior frontal regions as centrai to the active retention of pitch in melodies
(Zatorre et ai, 1994) and to the interpretation of pitch in terms of rnusicai keys
(Koelsch et aI, 2002; Tillrnann et ai, 2003). Thus, finding a decrease in WM
tissue in the rIFG of amusic individuals that is reiated to performance in both
musicai key discrimination and memory, fits niceiy with current knowiedge of
the brain organization for musical pitch processing. indeed, encoding pitch in
terms ot musical keys is conceived as an essential component in music
processing. It affords a hierarchicai organization of pitch events and thereby
faciiitates music processing by creating expectancies and feeiings of surprise
or satisfaction. This abiiity to map pitches onto keys appears eariy in
deveiopment (Trainor and Trehub, 1994), and is instrumentai in music
mernory (e.g., Hébert & Peretz, 1997). Thus, a defect in musicai pitch
encoding may account for the highiy seiective nature of congenitai amusia.
Furthermore, it is consistent with the view that this music-specific condition
may have a genetic component. lndeed, the meiodic key-violation test that
correiates SO highiy with WM concentration in the rIFG area, is simiiar to a
task that has been shown to have a genetic element (Drayna et ai, 2001).
CE Thus, the present resuits fit with the idea that reduced connectivity with this
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region may be related to a genetic component that would contribute to
problems in the musical encoding of pitch.
The idea cf a reduced connectivity to the rIFG region raises an interesting
question as to whether the WM differences observed here are a consequence
of anomalies in other parts of the auditory system. It is likely that other neural
differences will be uncovered with further analyses, particularly in auditory
cortical regions. Accordingly, we do not daim to have found a cause or the
origin of congenital amusia. We rather conceive the decrease in WM found in
the rIFG of amusic individuals as a consequence of an anomalous wiring of
the connections to the auditory cortex (Hackett et aI, 1999). Moreover, the
data suggest that normal acquisition cf basic musical abilities depend upon
structural integrity cf a right frontotemporai pathway.
in conclusion, one salient difference in the congenital amusic brain that is
biologicaliy sensible is the presence of an impoverished communication in a
right-hemisphere based network invoiving the inferior frontal cortex and
subserving the processing cf pitch in musical contexts. This finding has
implications for the understanding of normal acquisition of musical abilities
and for the diagnosis and remediation cf congenital amusia.
Experimentai procedures
This research was approved by the ethics ccmmittees ot the Montreal
Neurclogical Institute, of the institut Universitaire de Gériatrie de Montréal and
cf the University 0f Newcastle-upon-Tyne. informed consent was cbtained
f rom ail participants.
Scanning Protocol and Morphometric Analyses
T1-weighted MR sequences were obtained for ail subjects on a 1.5 Tesla
C scanner at both sites according to the same MR acquisition parameters: 3D
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fast field echo scan with 160 suces, 1 mm thick, TR = 22 ms, TE = 9.2 ms, flip
angle = 30. The data f rom both samples were then processed in exactiy the
same way. Each T1-weighted image volume was corrected for signal
intensity nonuniformity (Sied et ai, 1998) and linearly transformed into
standardized stereotaxic space (Collins et ai, 1994). The transtormed images
were then classified into white matter (WM), grey matter (GM), and
cerebrospinai fluid, using INSECT (Zijdenbos et aI, 1996), an automatic tissue
classification paradigm. The tissue-classified WM and GM maps were
smoothed using a Gaussian smoothing kernel of 10 mm full-width at half
maximum, resulting in three-dimensional maps of WM and GM concentration.
Following these processing steps, the data from the Montreal and Newcastle
samples were then treated independently, so as te avoid cross-scanner
artefacts (Ashburner and Friston, 2000). For each sample, regression
analyses using the general iinear model were performed to detect regions
where WM I GM concentrations ditfered between amusics and controls, and
to detect regions where WM / GM concentrations correlated with the
behavioral scores on the six musical tests cf the Montreal Battery cf
Evaluation of Amusia (Peretz et aI, 2003). Thresholds for t -statistic-values
were caiculated according te random tield theory (Worsley et ai, 1996). Given
the exploratory nature cf the initial analysis in the Montreal sample, we
employed a lenient statistical threshold cf P < 0.05 (uncorrected for multiple
comparisons) in order te maximize the possibility of capturing subtle tissue
concentration differences. The significant peaks f rom the Montreal sample
defined a volume cf interest (VOl) that was then tested in the Newcastle
sample. The Newcastie peaks that exceeded a t-threshoid associated with
this VOl were deemed significant at P < 0.05 (corrected for multiple
comparisons).
o
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Figure Iegends:
Figure 1: Behavioral resuits on the Montreal Battery ot Evaluation cf Amusia.
Percentage of correct responses obtained by the congenital amusic
participants relative to musically-intact controls in the melodic pitch tests
(averaged over the key, pitch direction and pitch distance tests; abscissa) and
the rhythm test (ordinate axis) of the Montreal Battery of Evaluation of
Amusia.
Figure 2: VBM results of white matter concentration differences and voxel
based correlation with the melodic-key test. VBM results of white matter
(WM) concentration differences shown for each sample (Montreal and
Newcastle; left and middle columns) and their conjunction (right column).
Each brain image corresponds to a thresholded map of t-statistic values
superimposed on the average anatomical MRI of the corresponding sample.
Images are shown as horizontal sections, and coordinates are in
standardized stereotaxic space (Collins et aI, 1994). In ail images, the yellow
arrows correspond to the pars orbitalis of the right inferior frontal gyrus (rIFG).
In a) are the WM concentration differences for the group comparison between
amusics and controls, b) shows the voxel-based correlations for WM
concentration and the melodic key-violation test cf the musical battery, c)
shows the significant positive correlation cf WM concentration as a function cf
increasing score fout cf 30) on the key-violation test at the rIFG peak, and in
d) is the overall conjunction across the two samples and analyses.
Figure 3: Conjunction resu Its in three planes of section. Right inferior frontal
gyrus (rIFG) peak of decreased white matter in the group comparison
(amusics vs. controls) in the Montreal and Newcastle samples, and their
conjunction in 3-planes of section: a) horizontal, b) saggital, and c) coronal
suces. Each individual map was thresholded at P <0.05 funcorrected), and
C the conjunction resuits shown here were superimposed on the
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anatomical MRI of ail subjects in both samples.
Supplementarv Figure 1: VBM resuits ot white matter concentration
differences and voxel-based correlation with the memory test. VBM resuits cf
white matter (WM) concentration differences shown for each sample
(Montreal and Newcastle; f irst and second columns) and their conjunction
(third column). Each brain image corresponds to a thresholded map cf t
statistic values superimposed on the average anatomical MRI cf the
corresponding sample. Images are shown as horizontal sections, and
coordinates are in standardized stereotaxic space (Collins et aI, 1994). In ail
images, the yellow arrows correspond te the pars orbitalis cf the right inferior
frontal gyrus (rIFG). In a) are the WM concentration differences for the group
comparison between amusics and controls, b) shows the voxel-based
correlations for WM concentration and the memory test cf the musical battery,
c) shows the significant positive correlation of WM concentration as a function
of increasing score tout cf 30) on the memory test at the rIFG peak, and in d)
s the overall conjunction across the two samples and analyses.
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GENERAL DISCUSSION
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We have previously shown that congenital amusia is a genuine disabiiity that
exclusively affects music (Peretz, 2001; Ayotte et al., 2002). Afflicted
individuals, who are otherwise unimpaired, have extreme difficulties
appreciating, perceiving and memorizing music, despite their efforts to do so.
in the present study, we conducted four studies to further investigate the
behavioral and brain correlates of congenital amusia. The resuits from these
studies offer several important scientific contributions. Overail, the findings
inform us on abnormal and normai brain organization and shed light on the
bioiogical foundations ot music. in particular, these findings serve to reveal
which components are essentiai to music processing, which neural regions
are important in acquiring normal musical competence, and to reveal the
fleurai correiates of normal and abnormal pitch and time processing. The
findings aiso serve to further document this disorder, and to motivate future
studies on congenitai amusia
Pïtch, an essentiai component in music acquisition
The findings from the present thesis indicate that pitch is a key factor in
normal musical deveiopment. For exampie, the findings from study 1 confirm
our hypothesis that a likely perceptual cause of congenital amusia is a deficit
in fine-grained pitch discrimination that would have prevented the normal
deveiopment of the neural networks that ascribe musical function to pitch.
Consistent with findings from a previous case study (Peretz et al., 2002), here
we showed that a group of congenital amusic adults had problems to
discriminate small changes in pitch. Based on the fact that amusics had
probiems to discriminate pitch changes including one semitone, and that this
distance is critical to process meiodies, we concluded that their pitch deficit
may well account for their musical disorder. The pitch deficit was found to be
specific to the pitch domain, since amusics had no problems to detect fine
temporal changes. Thus, study 1 served to better document the nature 0f this
C acoustic pitch deficit over a group of amusic adults. Support for these
findings comes from another group working on the same topic, that similarly
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demonstrated a fine-grained pitch deficit in an independent sample ofC congenital amusic aduits (Foxton et al., 2004).
This pitch deficit compromises the musical domain exclusively since amusics
have no particular problem to distinguish pitch variations in speech (Ayotte et
al., 2002). Speech intonation uses much larger pitch variations than music
(Fitzsimons et al., 2001) and consequently, a problem in basic pitch
discrimination may solely compromise the musical domain and flot language.
We suggest that the acoustic pitch deficit is flot music-specific, but music
relevant (Peretz and Hyde, 2003). An important implication of these findings
is that the brain would flot be specialized for music, but rather, at an acoustic
level, in the processing of fine spectral changes (Peretz and Hyde, 2003).
This idea finds support in the theory of hemispheric asymmetry proposed by
Zatorre and colleagues who argue that the right auditory cortex is specialized
for fine spectral resolution as required in music, and the left for rapid temporal
processing, as required in speech (Zatorre et al., 2002). Thus, one may
consider congenital amusia as the mirror image of specific language
impairments, where pitch is to music what time is to speech (TallaI et al.,
1993).
The view that the brain may be specialized at an acoustic level, and not for
music in particular, modifies the way in which congenital amusia, and the
process of music acquisition in general, should be studied. If fine-grained
pitch discrimination is critical to normal musical development, then early
acoustic training should enhance certain aspects of musical processing such
as the tonal encoding of pitch (Peretz and Hyde, 2003). Moreover, an
impairment in fine-pitch resolution may entail problems in other domains,
such as in the processing of tonal languages by native (amusic) speakers
(Peretz and Hyde, 2003). Thus, findings from this thesis motivate future
studies such as the effects ot musical training on congenital amusic
C individuals, as well as investigations of tonal languages.
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Structural integrity of right frontotemporal pathway is important for
C normal musical development
The study of congenital amusia serves to inform us on the fleurai correlates
underlying normai musical competence. For example, in study 4 of the
present thesis, we showed that one saiient difference in the congenital
amusic brain is an impoverished communication in a right-hemisphere based
network invoiving the inferior frontal cortex and subserving the processing of
pitch in musical contexts. The fact that this right frontal neural anomaly was
related to a musical pitch-based task, fits nicely with functional evidence
implicating this area in musical (tonal) pitch encoding, the ability to map
pitches onto keys (Koelsch et al., 2002; Tiilmann et al., 2003). This ability
appears early in development (Trainor and Trehub, 1994), and is considered
an essential process in music processing since it is instrumental in music
memory (Hébert & Peretz, 1997) and serves to create expectations and
feelings of surprise or satisfaction (Tillmann et al., 2000). The present results
suggest that a defect in the tonal encoding of pitch may account for the highly
selective nature of congenital amusia. Thus, the data indicate that the
integrity of white-matter tracts in right frontal brain areas is key in acquiring
normal musical development.
We do not conceive the decrease in white matter found in the right inferior
frontal gyrus of amusic individuals as a cause of the disorder, but rather as a
consequence of an anomalous wiring of the connections to the auditory
cortex. We know from studies of the macaque brain that there are dual
processing streams in the auditory cortex (Hackett et ai, 1999). There is an
anterior (ventral) stream for the identification of auditory objects (“what”),
projecting to ventrolateral prefrontal cortex (areas 10 and 12), and a posterior
(dorsal) stream for the processing of auditory space (“where”) projecting to
dorso-lateral prefrontal cortex (areas 8a and 46). An analogous projection
scheme has been proposed to hold for the human auditory cortex(J (Rauschecker and Tian, 2000). Thus, the finding in study 4 of this thesis of
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reduced white matter concentration in a ventrolateral area of the right inferior
frontal gyrus (area 12) of amusic individuals may be interpreted as a
consequence of an impoverished communication along the ventral ‘what’
auditory stream.
From this view, it is possible that other neuranatomical differences in the
amusic brain will be uncovered with further analyses, particularly in auditory
cortical regions. To this aim, future morphometric analyses of the amusic
brain are planned with diffusion tensor imaging (DTI). DII s a magnetic
resonance imaging method that can be used to measure local information
about the structure of white matter within the human brain and thus provides
a direct measure of brain connectivity (Le Bihan Dref et al., 2001). DTI has
been used to effectively to reveal white matter structural abnormalities in
developmental disorders such as autism (Barnea-Goraly et al. 2004) and
dyslexia (Deutsch et al., 2005). Thus, it is a logical and promising technique
to be used to examine white matter connectivity in the amusic brain. We are
also currently undertaking cortical thickness measures in the amusic brain to
provide a direct measure of grey matter differences (Lerch and Evans, 2004).
As compared to voxel-based-morphometry, cortical thickness has the
advantage of providing a direct quantitative index of cortical morphology.
This technique is a choice method to be applied to congenital amusia since it
has been recently used to demonstrate cortical thickness abnormalities in
developmental disorders such as autism (Chung et al., 2005) and dyslexia
(Casanova et al., 2004).
Innateness of musical pitch encoding
The structural anomaly found in the amusic brain fits with the idea that
reduced connectivity with right frontal areas may be related to a genetic
component that would contribute to problems in the musical encoding of pitch.
C lndeed, the melodic key-violation test in study 4 that was found to correlate sohighly with white matter concentration in the right frontal area, is similar to a
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task that has been shown to have a genetic element (Drayna et ai, 2001). In
a recent twin study, these authors tested 136 identicai (monozygotic) twins
and 148 fraternal (dizygotic) twins in their ability to detect out-of-key notes in
popular melodies. Performance was more ciosely matched between identical
(r=0.79) than between fraternai twins (r=0.46) (Drayna et ai, 2001). These
resuits were taken to indicate that the abiiity to map pitch onto musical keys
may be geneticaliy-iinked. The recent discovery of a gene that is thought to
underiie an inherited speech and language disorder (Lai et aI., 2001;
MacDermot et aI., 2005), motivates the idea that there may simiiariy be a
genetic component to certain aspects of music processing, for exampie, in the
encoding of musical pitch. Whiie we are far f rom discovering a ‘musical
gene’, preliminary findings from our iaboratory are consistent with the
possibiiity that tonai pitch encoding may have a genetic component. Au
amusic individuais, and at ieast one of their first-degree relatives, have been
shown ta be severeiy impaired in a similar task ta the one used in the Drayna
et ai. (2001) study, which required them to detect an out-of-key note in a
conventional meiody (Ayotte et ai., 2002; Hyde & Peretz, 2005). In contrast,
oniy one member out cf ail cf the contrai families tested so far have a shown
a simiiar impairment on this task (Peretz, in press). This study is currentty
ongoing in our laboratory. By documenting the distribution of this musical
pitch disorder in the families of amusic individuais, we can obtain vaiuabie
information regarding its genetic origins.
Neurai correlates of pitch and time processing
The role of right auditory cortex in fine pitch resolution
in normal listeners
The findings from the present thesis inform us on the neural correlates of
normai pitch processing. In particular, the findings from study 3 in which we
used fMRI to investigate the neural basis 0f pitch paffern perception in
musicaiiy-intact individuais, support the theory cf relative hemispheric
specialization cf the auditory system (Zatorre et al., 2002). As expected,
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brain activation was weighted to the right auditory cortex, which was more
responsive with increasing pitch distance. Moreover, the resuits provide
evidence that the right secondary auditory cortex has a finer pitch resolution
than the Ieft. While the right auditory cortex was sensitive to even fine pitch
changes, the Ieft was minimally sensitive to these, but was responsive to the
large pitch changes. This study served as a basis for study 3, where we
explored the neural correlates of pitch and time discrimination in congenital
amusic individuals.
A deficit in processing temporally changing pitch patterns
in congenital amusia
The findings from the present thesis also inform us on the neural correlates of
abnormal pitch and time processing such as in congenital amusia. Prior to
the research presented here, there was littie known about the neural
correlates of this musical disorder. In a previous ERP study (Peretz et al.,
2005), amusics showed abnormal electrical brain responses relative to
musically-intact controls in the right hemisphere when they had to detect a
rare deviant tone in a sequence of repetitive standard tones. These results
were considered to be a neural marker of the amusics’ fine-grained pitch
deficit. While the right auditory cortex of the amusics appeared to be intact,
as indexed by a normal Ni component, the limited spatial resolution of the
ERP technique may have precluded finding a subtle right auditory cortical
anomaly. In study 3 of the present thesis, we improved on spatial resolution
by using fMRI to investigate pitch and time discrimination in congenital
amusia.
Contrary to expectation, amusics showed a similar pattern ot brain activation
as controls in processing pitch sequences, but did not show the same left
hemisphere asymmetry in processing the pitch patterns at various temporal
rates. We suggested that these imaging data reflected that amusics may
C. have problems to capture pitch changes when these are presented rapidly.
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Results from a subsequent behavioral experiment confirmed this hypothesis.
We suggested that amusics may flot be able to apply normal specialized fine
temporal analysis as a cascade effect of their deficits in both pitch distance
and direction. The resuits from study 3 provide novel evidence that amusics
have a more complex deficit than initially thought, involving pitch distance,
pitch direction, and temporal resolution. These findings serve to motivate
further studies to better understand the nature of the interaction of pitch and
time processing in amusics. Preliminary data from our Iaboratory is
consistent with the present tindings that pitch discrimination in amusics
deteriorates with increasing temporal rate to a greater degree than musically
intact controls (Pfeuty and Peretz, unpublished data).
Conclusion
In conclusion, the findings from this thesis have provided a better
understanding of the behavioral and neural correlates of congenital amusia.
We have shown that amusic individuals have a severe fine-grained pitch
deficit that s thought to largely contribute to their musical problems. We have
found a brain-behavioral correlate of a temporal pitch deficit in amusics that
suggests that this pitch deficit may be more complex than first thought.
Finally, we have found an important structural neural anomaly in the amusic
brain in terms ot a reduction in white matter concentration in the right inferior
frontal gyrus of amusic individuals. This anomaly anomaly was related to
pitch-based musical tasks, and is thought to account for the highly selective
nature of congenital amusia. The data point to the integrity of white-matter
tracts in right frontal brain areas as being key in acquiring normal musical
competence. Thus, we have shown that congenital amusia is a rich area of
study in that it informs us on abnormal and normal music development, and
sheds light on the biological foundations of music. Further studies of
congenital amusia should allow for a better understanding of the nature and
c causes of this music-specific disorder, and thus may someday offer
remediation for afflicted individuals.
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